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1. Introduction 
 
Since the beginning of the last century until now, many chemicals have been produced in 
order to improve human life and make it more comfortable and longer. Within 11 millions of 
known chemicals, 100.000 compounds are being produced on large scale and approximately 
30.000-70.000 from these chemical are in daily use in the European Union (EU). These 
chemicals are designed and used for different purposes including agricultural and industrial 
use. Every year, approximately 300 million tons of synthetic compounds are used in 
industrial and other consumer products. In agriculture, about 140 million tons of fertilizers 
with several million tons of pesticides are applied every year. Moreover, a wide variety of 
these chemical compounds offers direct improvements in human and animal health. Based 
on the application for which these compounds are used, they end up in one of the 
environmental compartments (Younes, 1999; Schwarzenbach et al., 2006).  
 
 
1.1 Pharmaceuticals as emerging environmental pollutants 
 
Human health is a priority in the wealthy developed countries and an objective in the 
developing countries. In the modern society, medication plays an important role to achieve 
this purpose. Human beings are not only having different benefits of this health care, but also 
companion and production animals. In addition to pesticides, disinfectants, detergents, and 
some of the heavy metals as nutritional supplements, pharmaceutical medicines are 
important for humans and animals to control versatile health problems. Medicines include all 
chemicals are used for diagnosis, treatment and prevention of human and animal diseases 
(Daughton and Ternes, 1999).  
The active pharmaceutical ingredients (APIs) are organic complex molecules with molecular 
weights ranging from 200 to 1000 dalton (Da). According to different chemical structures, 
these compounds have different physicochemical, biological properties and different 
environmental behaviors. APIs are usually classified into different groups according to their 
biological action. These groups are divided into different subgroups according to their 
chemical structures, e.g., benzimidazole compounds within antiparasitic group. Other 
classifications refer to the mode of action (MOA), e.g., ß-blockers or calcium channel 
blockers within the group of antihypertensive drugs (Kümmerer, 2008, 2009).    
The continuous increase in human population has created a corresponding increase in the 
applications and consumption rate of these compounds. Consequently, thousands of tons of 
these chemicals are used every year (Jørgensen, 2000). Concrete data about the total use of 
pharmaceuticals worldwide are not available (Ternes, 1998; Boxall et al., 2003). According to 
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the economic conditions, legislation and patient education, applications and consumption 
rates of pharmaceuticals are variable from one country to others (Goossens et al., 2005; 
Huttner and Harbarth, 2010). 
Among 50.000 pharmaceutical substances were licensed in Germany in 2001 for human and 
veterinary medicine, 2.700 containing 900 different active substances are approved and 
frequently consumed with higher consumption rates. The consumption rates for these drugs 
in Germany range between few kilograms to several hundred tons per year (Löffler and 
Ternes, 2003; Kümmerer, 2009). Among the veterinary medicines, antimicrobials and 
anthelmintics compounds are the most widely used pharmaceuticals in conventional animal 
husbandry (Tolls, 2001; Sarmah et al., 2006). 
According to the medical situation and physicochemical properties, pharmaceuticals are 
formulated in several dosages forms to be suitable for different administration routes and to 
stay inside the body for a specific time period. During this time, these compounds may be 
completely or partially metabolized inside the body forming another compounds defined as 
metabolites (Lienert et al., 2007). In biotransformation processes, substances are 
metabolized to phase I or/and phase II metabolites. Phase I metabolites are formed through 
oxidation, reduction or/and hydrolysis. These metabolites have different physicochemical 
properties such as higher polarity and less lipid solubility than the parent compounds which 
are favorable to their excretion (Ternes, 1998). In the biotransformation processes the parent 
drugs usually undergo for deactivation or activation, e.g., in the case of pro-drugs (Ternes, 
1915098; Heberer, 2002a). Phase II metabolites are also water soluble and mostly biological 
inactive. These compounds are formed through conjugation reactions, where the parent 
compounds may be linked with glucuronic acid, acetic acid, sulfate or amino acid, etc. 
(Halling-Sorensen et al., 1998). Once these chemicals are excreted from treated humans or 
animals and reach the environment via different entry routes, the parent compound and its 
metabolites can undergo further structural modifications giving new compounds. The 
resulting compounds from biotic (Halling-Sørensen et al., 2000; Trautwein et al., 2008) or 
abiotic process are named transformation products (Buser et al., 1998b; Poiger et al., 2001; 
Schulze et al., 2010). These transformation products may be inactive or have similar or 
higher toxicity as their parent compounds. The latter is well-known for the naproxen 
phototransformation products of naproxen (Della Greca et al., 2003; Isidori et al., 2005; 
Straub and Stewat, 2007). Moreover, the regeneration of the parent compounds from phase 
II metabolites was reported by several researchers (Khan and Ongerth, 2004; Kim et al., 
2010b). 
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1.1.1 Entry routes into ecosystems 
 
The use of versatile pharmaceutical compounds in large quantities in human and veterinary 
medicine including degradable and/or non-degradable compounds ensures that some of 
these compounds are reaching the environment. The presence of these drug residues and 
their corresponding metabolites even at very low concentrations may pose a direct risk to 
animal and human health or indirect impacts through interfering interactions in different 
environmental compartments (Schwarzenbach et al., 2006). 
The identification of exposure routes of pharmaceuticals is relevant for an accurate 
estimation of their predicted environmental concentration (PEC). The latter should be 
determined in system where the highest concentration can be found, especially when there is 
more than one entry route for certain compounds as consequence of different application 
patterns (Jørgensen, 2000). 
Following the drug administration, mixtures of parent compounds with or without their 
corresponding metabolites, are excreted in urine and feces and enter the environment via 
one of the common environmental pathways. Human medicines reach the aquatic 
environment directly after passing wastewater treatment plants (WWTPs), where they are 
usually not totally removed (Kolpin et al., 2002; Ikehata et al., 2006). The sludge from these 
treatment plants are also used as a soil amendment, where the drugs can be released and 
finally ended on agricultural soils. In case of veterinary medicinal products (VMPs), manure 
of treated animals is stored in manure tanks for certain times defined on the legislation of 
each country (Halling-Sorensen et al., 1998; Jørgensen, 2000; Boxall et al., 2003). During 
manure storage, pharmaceuticals may be partially or completely degraded. Later on, the 
manure is used for fertilizing agricultural soils. VMPs can be also released directly into soil, 
when these chemicals are applied to pasture animals and excreted with urine and feces. 
Moreover, VMP are directly applied to the aquatic environment when these drugs are used 
as feed additives in fish farming. Due to surface runoff from soil treated with manure or 
leaching from application sites, VMPs can also reach the aquatic environment (Kreuzig and 
Höltge, 2005; Kreuzig et al., 2005). Entering of VMPs to the environment as aerosol and dust 
in addition to direct emissions from treated companion and production animals, disposing of 
unused or expired pharmaceuticals into the trash, flush them down the drain or with 
household waste are established as a minor and less relevant entry routes (Hamscher et al., 
2003; Abahussain et al., 2006; Kümmerer, 2008, 2009). Although the emissions of 
pharmaceutical compounds during manufacturing processes are probably low in the United 
States (USA) and EU, due to very tight regulatory controls and good manufacturing practice 
(GMP), different situations are present in the other countries. For example, 11 compounds 
have been found at concentrations > 100 µg/L in the effluent from WWTPs serving about 90 
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bulk drug manufacturers in India (Larsson et al., 2007). In 1988, oxytetracycline was 
detected at concentration > 50 mg/L in the effluent of its production facility in China (Li et al., 
2008). Figure 1.1 shows the major and minor pathways of human and veterinary medicines 
into the environment. 
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Figure 1.1: Pathways of human and veterinary medicines into the environment. 
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1.1.2 Occurrence of pharmaceuticals in ecosystems 
 
When salicylic and clofibric acids were detected in wastewater samples at higher 
concentration levels in 1977, detection of APIs in environmental compartments has become 
an area of growing concern (Ternes, 1998). During the following years, more awareness 
focused on pharmaceutical detection in environmental samples and the potential impacts of 
this new class of environmental pollutants. Since this time, APIs have been detected in 
different environmental compartments. Pharmaceutical compounds from various classes 
were detected in wastewater (Hernando et al., 2006; Karthikeyan and Meyer, 2006; Nikolaou 
et al., 2007; Kasprzyk-Hordern et al., 2008), surface water (Buser et al., 1999; Hilton and 
Thomas, 2003; Cha et al., 2006), groundwater (Zhu et al., 2001; Batt and Aga, 2005), 
drinking water (Heberer, 2002b; Ternes et al., 2002), sea water (Samuelsen, 1989; Weigel et 
al., 2002), sediments (Löffler and Ternes, 2003; Kim and Carlson, 2005), sludge (Nakada et 
al., 2006; Barron et al., 2008), manure (Haller et al., 2002; Christian et al., 2003; Stoob et al., 
2007) and soil samples (Drillia et al., 2005; Thiele-Bruhn and Beck, 2005). The presence of 
these chemicals in the different environmental compartments may be found with ecological 
impacts or accompanied with harmful effects on the ecosystem. In this sense, 
pharmaceutical compounds have been identified as emerging environmental pollutants.  
As a result of systematic investigations for the presence of pharmaceuticals in the 
environment, several pharmaceutical compounds from various classes have been detected 
in different environmental compartments in different countries, especially when the attention 
was directed towards the fate and occurrence of these compounds in the environment, e.g., 
Austria (Ahrer et al., 2001), Brazil (Stumpf et al., 1999), Canada (Miao et al., 2004; Lishman 
et al., 2006), England (Jones et al., 2002), Germany (Golet et al., 2001; Ternes et al., 2007), 
Italy (Castiglioni et al., 2006), Spain (Farré et al., 2001), Switzerland (Buser et al., 1998a), 
The Netherlands (Belfroid et al., 1999) and the USA (Heberer, 2002a; Karthikeyan and 
Meyer, 2006). 
 
 
1.1.3 Effects on human, animal and the ecosystems  
 
Pharmaceutical compounds are often present in the environment at low concentrations. 
Thus, the probability of acute toxicity from these drugs or their metabolites for target and non 
target organisms is extremely low. This hypothesis is supported by Schwab et al. (2005a). In 
this study, no risk for human health was observed due to exposure to surface or drinking 
water containing 26 pharmaceutical compounds at measured environmental concentrations. 
Han et al. (2006) and Miège et al. (2006) confirmed that the investigated pharmaceuticals 
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may have ecotoxic effects when environmentally relevant concentrations are exceeded. Two 
orders of magnitude higher than the highest concentrations of certain compounds in WWTP 
effluents, was used to study the ecotoxicological effects of these compounds at the lowest 
observed chronic effect concentrations (LOEC) (Fent et al., 2006). For this reason, the risk to 
the presence of these compounds in the environment at low concentration has often been 
assessed as irrelevant effects. However, the possibility of low dose chronic toxicity such as 
cumulative allergenic, mutagenic, teratogenic or carcinogenic effects which are difficult to 
assess, may occur after long contact time (Andersson and Skakkebaek, 1999). Numerous 
studies have been published showing the potential impacts on human, animal and the 
ecosystem due to continuous exposure to these chemicals in the environment. 
Antibiotic resistance and drug tolerance are relevant consequences to a misuse of the drugs, 
e.g., sub-dosing or occurrence of the drug in environment at low concentration levels in the 
areas where antibiotics had been intensively used. Humans may be exposed to these 
resistant strains and then suffered from different health problems (Kim et al., 2005; Ding and 
He, 2010). Resistance to anthelmintic drugs especially against benzimidazoles has been 
reported as well (Diiwel, 1977; Hennessy, 1994; Kümmerer, Bauer et al., 2002; 2004; 
Schwab et al., 2005b).  
Some pharmaceuticals, such as estrogens which have the abilities to disturb the endocrine 
system at low concentrations, are defined as endocrine disrupting compounds (EDCs) 
(Westerhoff et al., 2005). These can cause several undesirable effects including teratogenic 
and carcinogenic effects such as breast cancer as well as decrease in human sperm (Ternes 
et al., 1999). Nash et al. (2004) reported that reproductive failure in fish is resulting from long 
exposure to environmental concentrations of the pharmaceutical ethinylestradiol. Another 
example, triclosan is a widely used biocide in hundreds of common commercial products. 
This compound has been detected in the environment as a contaminant of sewage sludge 
and water samples (Boyd et al., 2004; Loraine and Pettigrove, 2006). Triclosan has been 
identified in plasma, urine and human breast milk of people in USA, Sweden and Australia 
(Dayan, 2007). Triclosan is structurally related to inhibitors of the estrogen sulfotransferase 
causing negative effects especially for pregnant women and sensitive people, e.g., skin 
irritation and dermatitis (Andersson and Skakkebaek, 1999; Adolfsson-Erici et al., 2002). 
Several pharmaceuticals are considered as a risk to the aquatic environment as detailed by 
Hernando et al. (2006), e.g., acetaminophen, aspirin, ibuprofen, naproxen, diclofenac, 
ketoprofen, carbamazepine, propanolol, oxytetracycline, ethinylestradiol and estradiol. In his 
study to assess the potential effects of trimethoprim, ciprofloxacin and mecillinam in the 
aquatic environment, Halling-Sørensen (2000) found that ciprofloxacin was a highly toxic 
compound against Cyanobacteria, where the ratio of predicted environmental concentration 
to the predicted no effect concentration was PEC/PNEC > 1. The common case for an 
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indirect acute ecotoxicological effect which drew the attention of the scientists to direct or 
indirect impacts of pharmaceuticals in the environment, was the rapid decline of vulture 
populations on the Pakistan and Indian subcontinent due to renal failure after feeding cattle 
previously treated with diclofenac (Oaks et al., 2004).  
Several experiments have been carried out to assess the ecotoxicity of the veterinary 
medicines to a group of different organisms such as fish, daphnids, algae, earthworms, 
microbes and dung invertebrates. In terms of acute aquatic toxicity, the frequently used 
daphnids and fish appear to be sensitive to the macrocyclic lactones such as ivermectin and 
eprinomectin. Cyanobacteria appear to be sensitive to many antimicrobial drugs such as 
amoxicillin, benzyl penicillin, sarafloxacin, spiramycin, tetracycline and tiamulin where the 
effective concentration (EC50) was less than 100 μg/L. For soil organisms, e.g., earthworms 
appear to be sensitive to antiparasitic and antimicrobial compounds. Those are furthermore 
reported as highly toxic to soil microbes. Studies on the excreta of production animals treated 
with macrocyclic lactones show that a highly toxic effect was present to dung invertebrates 
after prolonged exposure time (Boxall et al., 2003). 
Otherwise, the situation may be different in the environment. These micro pollutants are 
present as mixtures of different compounds with or without their metabolites. Several studies 
demonstrated that more harmful effect for a mixture of compounds at concentrations at which 
these chemicals did not have these effects individually (Kümmerer, 2009). In the study 
performed by Pomati et al. (2006), the effects of a mixture of thirteen human pharmaceuticals 
on human embryonic cells were investigated at environmental concentrations. It was found 
that the embryonic cell growth was considerably inhibited. Another study investigated the 
effect of a mixture of seven pharmaceutical compounds, i.e., acetaminophen, diclofenac, 
gemfibrozil, ibuprofen, naproxen, salicylic acid and triclosan at 100 ng/L on the amphipod 
Hyalella in freshwater, where slightly changes in sex ratios were reported. This effect 
increased in areas closer to effluent discharges (Borgmann et al., 2007).   
 
 
1.1.4 Fate of pharmaceuticals in environmental compartments  
 
Disappearance of APIs in different environmental compartments is mainly attributed to 
degradation and/or sorption processes. Bacteria and fungi are mainly responsible for the 
biotic degradation processes where the parent compounds and/or their metabolites may be 
partially or totally degraded (Jørgensen, 2000; Boxall et al., 2003). Several pharmaceuticals 
were examined for biodegradability in different environmental compartments. Thus, tylosin 
was reported as a readily degradable compound, while ivermectin, ceftiofur and 
metronidazole were described as moderately persistent compounds. Sarafloxacin was even 
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considered as a highly persistent compound (Boxall et al., 2003). As found in another study, 
ciprofloxacin and mecillinam were readily degradable chemicals while trimethoprim was 
persistent compound (Halling-Sørensen et al., 2000). 
In the aquatic environment, photodegradation is considered as an additional elimination 
pathway for photosensitive compounds, e.g., naproxin and diclofenac (Isidori et al., 2005; 
Schulze et al., 2010). However, the disappearance of these emerging pollutants in the 
environment does not mean total degradation or depletion so far the pharmaceuticals are 
merely removed via sorption processes. Sorption is the second major concentration 
determining process for hydrophobic compounds, e.g., estrogens in activated sludge. Tolls 
(2001) and Kim et al. (2005) reported that sorption is the main removal mechanism of 
ciprofloxacin in the activated sludge. In the soil where sludge or manure is usually used as 
fertilizers for agricultural land, several parameters affect the sorption process such as 
chemical structure of the drugs, soil type in addition to other parameters such as pH, 
temperature and ionic strength (Delle Site, 2001). Results published by Kreuzig et al. (2007) 
demonstrated that sorption to soil is relevant process in benzimidazoles elimination 
pathways. The decrease of the bioavailable concentration for certain compounds as results 
of complex formation such as tetracyclines with calcium or/and magnesium in aquaculture 
was reported as another elimination pathway for these compounds (Lunestad and Goksayr, 
1990). 
 
 
1.2 Anthelmintic drugs  
 
Human and animal are susceptible to parasitic infections. Anthelmintic compounds are a 
wide range of active ingredients acting against internal parasites via different biological 
mechanisms. Several anthelmintics drugs are available on the market. These chemicals 
were classified according to Botsglou and Fletouris (2001) as well as to Lanusse and Pichard 
(1993) as the following: 
 
Imidazothiazoles 
Levamisole is the most common imidazothiazole which has a broad spectrum activity against 
lung and gut nematodes. Levamisole has no activity against cestodes, trematodes and 
arthropods. It is frequently used in swine, cattle, sheep, goat, and poultry husbandry. 
 
Organophosphates  
These compounds are used as broad-spectrum antiparasitic agents against nematodes and 
insects. Although, their safety margin is generally less than benzimidazoles, they are used 
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especially in case of benzimidazole resistance. Haloxon has a wider safety margin relatively 
than the other members of for this class. It is used in sheep, cattle, and goat husbandry. 
Coumaphos is used to treat the internal parasites in cattle and swine but dichlorvos is mainly 
used for swine only to control of gastrointestinal nematodes. Moreover, both of them can be 
used to control of external parasites.  
 
Tetrahydropyrimidine 
Pyrantel and morantel tartrate are used for treatment and control of mature gastrointestinal 
nematode infections in pig, sheep, cattle and deer.  
 
Salicylanilides 
Niclosamide, oxyclozanide, rafoxanide and tribromsalan are the most frequently used 
salicylanilide anthelmintics to control the liver flukes. 
 
Substituted phenols 
The majority of this group has a low safety index and they have been used mainly for 
treatment of animal liver flukes and tapeworms. These include nitroxynil and niclofolan. 
Dichlorophen is usually used for treatment of tapeworms beside its bactericidal and 
fungicidal properties. 
 
Macrocyclic lactones 
Moxidectin, abamectin and ivermectin are the commonly used macrocyclic lactones which 
are mainly active against a variety of nematodes in addition to arthropods, including mites 
and lice. 
 
Piperazine derivatives 
Diethylcarbamazine is one of the piperazine derivatives that can be used in sheep and in 
cattle husbandry especially for treatment of lungworm infections.  
 
Miscellaneous 
Several compounds from different classes are also commonly used as anthelmintic agents 
such as benzenesulphonamides, e.g., clorsulon is efficiently used for treatment and control 
of adult and immature liver flukes. Pyrazino-isoquinoline derivatives, e.g., praziquantel, are 
used to treat many species of cestodes and trematodes. 
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Benzimidazoles  
 
In 1960s, anthelmintic properties of benzimidazole derivatives were published for the first 
time. Thiabendazole was one of the first drugs representing this group of anthelmintic agents 
and licensed for clinical use (Horton, 2000). Because of its antifungal effect, thiabendazole is 
also used as a fungicidal active substance in various plant protecting products (PPPs) 
(Danaher et al., 2007). Today, a wide variety of frequently used anthelmintics which have a 
broad spectrum properties is derived from benzimidazole nucleus, including, thiabendazole 
(TBZ) analogues for examples cambendazole (CAM) and benzimidazole carbamates, such 
as albendazole (ABZ), fenbendazole (FEN), oxfendazole (OXF) or fenbendazole-sulfoxide  
(FEN-SO), flubendazole (FLU), febantel (FEB), mebendazole (MBZ), luxabendazole (LUX), 
triclabendazole (TCB), parbendazole (PAR), oxibendazole (OXI) and netobimin (NETO) 
(Danaher et al., 2007). These compounds are mostly less-soluble and exhibit much slower 
removal rates, increasing their efficacy against several types of cestodes, nematodes and 
trematodes. Some of benzimidazole carbamates are also used in human medicine such as 
FLU, ABZ and MBZ. The majority of these compounds are biological active with some 
exceptions which are manufactured as pro-drugs. These compounds have slightly or no 
biological activity and developed intentionally to increase water solubility and their 
administration routes (Gottschall et al., 1990). Febantel converts into active metabolites soon 
after administration. The main metabolites of this compound are FEN and its metabolites. 
Benzimidazole compounds expel or kill the parasites via several suggested mechanisms, 
e.g., blocking glucose absorption of susceptible parasites and also depleting their glycogen 
reserves. Energy depletion due to decreasing of adenosine triphosphate (ATP) formation 
leads to starving the parasites to death or paralyzing them by interfering parasite 
neuromuscular pathways, losing their ability to keep their position in the gut or blood (Frayha 
et al., 1997; Spasov et al., 1999; Horton, 2000). 
 
 
1.3 Selection of the target compounds under study 
 
The majority of the above mentioned anthelmintic groups are effective against a single class 
of helminthes. Otherwise, several benzimidazole compounds are broad-spectrum 
anthelmintics and can be used for treatment and control of gastrointestinal roundworms 
(nematodes), lung worms (trematodes) and tapeworms (cestodes). Relevant representatives 
of those are FEN and FLU which can be used for treatment and control of the infection in 
cattle, sheep, goats or horses, and dogs, cats or poultry and pigs, respectively. FLU is also 
used as human medicine in different countries (Stürchler, 1987; Horton, 2000). Moreover, 
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modified FLU UMF-078, which is used as antifilarial drug in Yemen and 34 Africans 
countries, is considered as another indirect source for FLU and its metabolite (Ramanathan 
et al., 1994; Issar et al., 1999; Dec Bronsvoort et al., 2008). FEN and OXF are used as APIs 
for treatment and control of the infection, these compounds can be found with fenbendazole-
sulfone (FEN-OSO) and febantel sulfoxide (FEB-SO) as the main active metabolites of FEB 
when it is used as deworming agent (Rose, 1999; Botsoglou and Fletouris, 2001). The higher 
consumption rates of the above mentioned compounds as a result of this wide application 
range is a primary reason why FEN and FLU together with their corresponding metabolites 
are expected to be present in the environment. Generic properties, CAS numbers, chemical 
names, structures, molecular formula and molecular weights (MW) of the target compounds 
are summarized in Table 1.1 and 1.2.  
 
Table 1.1: Fenbendazole and corresponding metabolites. 
 
Substance Chemical Structure  
Fenbendazole (FEN) 
Methyl-[5-(phenylthio)-benzimidazole-2-
yl]carbamate 
(C15H13N3SO2; MW: 299.3, CAS 43210-67-9)  
Fenbendazole sulfoxide (FEN-SO) 
Methyl-[5-(phenylthiooxide)-benzimidazole-2-
yl]carbamate 
(C15H13N3SO3, MW: 315.3, CAS 53716-50-0)  
Fenbendazole sulfone (FEN-OSO) 
Methyl-[5-(phenylthiodioxide)-benzimidazole-2-
yl]carbamate 
(C15H13N3SO4, MW: 331.3, CAS 54029-20-8)  
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Table 1.2: Flubendazole and corresponding metabolites. 
 
Substance Chemical Structure  
Flubendazole (FLU) 
Methyl-[5-(4-fluorobenzoyl)-1H-benzimidazole-
2-yl]carbamate 
(C16H12FN3O3; MW: 313.3, CAS 31430-15-6) 
FLU-M1 
Methyl-[5-(4-fluorophenyl)hydroxymethyl]-1H-
benzimidazole-2-yl]carbamate 
(C16H14FN3O3; MW: 315.1) 
FLU-M2 
Amino-[5-(4-fluorobenzoyl)-1H-benzimidazole-
2-yl] 
(C14H10FN3O; MW: 255.3, CAS 82050-13-3) 
 
FLU-M3 
Amino-[5-(4-fluorophenyl)hydroxymethyl]-1H-
benzimidazole-2-yl] 
(C14H12FN3O; MW: 257.1)  
FLU-M4 
Amino-[5-(4-fluorophenyl)hydroxymethyl]-1-
methyl-benzimidazole-2-yl] 
(C15H14FN3O; MW: 271.1)  
FLU-M5 
5-(4-fluorobenzoyl)-1H-benzimidazole 
C14H9FN2O; MW: 240.1 
N
N
H
O
F  
FLU-M6 
Hydroxy-[5-(4-fluorobenzoyl)-1H-
benzimidazole-2-yl] 
C14H10FN2O2; MW: 256.1 
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1.3.1 Synthesis and properties of the target compounds 
 
In the 1950s, the benzimidazole ring system was found as an integral part of the structure of 
vitamin B12 (5,6-dimethyl-I-(α-D-ribofuranosyl) benzimidazole) as it can be seen in Figure 1.2 
A and B. As a result of this finding, extensive studies were conducted to synthesize several 
thousand benzimidazoles and to study the pharmacological effects of these compounds until 
the antiparasitic effect was identified for 20 compounds containing benzimidazole ring 
nucleus. Thiabendazole and its analogues were the first known compounds used for this 
purpose since 1960s.  
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Figure 1.2: Benzimidazole ring system as integrated part of vitamin B12 (A, B) the synthetic 
pathways to the various benzimidazoles with thiabendazole synthesis as example (C, D) R-
ring substitution, e.g., fenbendazole and sulfoxide and sulfone metabolites (E) (Townsend 
and Wise, 1990). 
 
The synthetic pathways to the various benzimidazoles usually proceed through two steps, 
first the construction of a benzene ring containing the desired substituent and 1,2-diamine 
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group followed by the ring closure of the 1,2-diaminobenzene (ortho-phenylenediamine) 
derivative to construct the imidazole ring. This ring closure is often the final step in the 
synthesis of the desired benzimidazole (Figure 1.2 C). 
The second step is the synthesis of the desired benzimidazole modification at the positions 2 
and 5, e.g., thiabendazole is synthesized by a condensation of o-phenylenediamine with 
thiazole-4-carboxamide in the presence of the dehydrating agent such as polyphosphoric 
acid (Figure 1.2 D) (Townsend and Wise, 1990).  
A new generation of benzimidazoles with much slower rates of elimination, higher potencies 
and broader activity spectra than the other antiparasitic drugs are produced nowadays via 
replacement of the thiazole ring by methylcarbamate at position 2 and different modification 
at position 5 (Figure 1.2 E).  
Benzimidazole compounds that are unsubstituted at the imidazole nitrogen atoms possess 
both acidic and basic characteristics as it is illustrated in Figure 1.3. Under suitable 
conditions, the molecule may be protonated (pKa < 5) or deprotonated (pKa > 12). For the 
better understanding of the behavior of benzimidazole compounds, physical and chemical 
properties, e.g., octanol/water partition coefficients and pKa values are essential to explain 
solubility and ion exchange properties of these compounds in different media at different pH.  
 
 
. 
Figure 1.3: Amphoteric charatacter of the benzimidazole molecule under acidic (A) and basic 
conditions (B) (Danher, 2007; Townsend and Wise, 1990). 
 
The chemical structure of FEN and its pharmacological properties are similar to other 
benzimidazole compounds. FEN has a broad spectrum of activity against all stages of 
gastrointestinal nematodes including their larvae, cestodes and lungworms in cattle, goats, 
horses, cheep and pigs. FEN is known chemically as methyl [5-(phenylthio)-benzimidazole-2-
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yl] carbamate. It is insoluble in water (< 40 µg/L) and slightly soluble in common organic 
solvents such as ethanol, diethyl ether, dichloromethane, n-hexane and toluene. FEN is 
freely soluble in dimethyl sulfoxide (DMSO). Its log Pow is 3.85 (Kim et al., 2010a). 
FLU is a broad spectrum anthelmintic used for treatment and control of the gastrointestinal 
nematode and lung worms in swine as well as gastrointestinal nematodes in poultry. FLU is 
known chemically as methyl-[5-(4-fluorobenzoyl) 1-H-benzimidazole-2-yl] carbamate. It is 
insoluble in water (< 10 mg/L) and diluted inorganic acids as well as slightly soluble in 
common organic solvents such as ethanol, diethyl ether, dichloromethane, n-hexane and 
toluene (0.14 g/L). FLU is better soluble in formic acid (340.5 g/L), dimethyl sulfoxide 
(DMSO) and formic acid (15 g/L) and dimethyl formamide (5.6 g/L). FLU has the ionization 
constants pKa1 = 3.6 (imidazole nitrogen) and pKa2 = 9.6 (carbamate nitrogen). Its log Pow is 
3.0 (Nobilis et al., 2007). 
 
 
1.3.2 Pharmacokinetics and metabolic pathways of the target compounds 
 
Several pharmacokinetic studies have been designed to build an overview about absorption, 
distribution, metabolism, excretion and depletion of benzimidazoles in different animal 
species. This section is mainly focused on the pharmacokinetic of FEN, FEN-SO and FLU. 
Pharmacokinetic of FEB and UMF-078 as additional sources for the target compounds are 
included. 
After oral administration, FEN is absorbed rapidly in monogastric and very slowly in ruminant 
animals. Consequently, the blood levels and excretion half lives are longer in the ruminant 
than monogastric animals. For examples, absorbed amounts after single oral doses were 25-
50 %, < 20 %, 70 %, 25 % and > 33 % for rats, dogs, rabbits, cheep and pigs, respectively. 
Following absorption, FEN undergoes metabolism by oxidation of its sulfide atom to form 
FEN-SO, then further oxidation to form FEN-OSO. FEN is metabolized also to other 
benzimidazole derivatives via hydroxylation of phenyl ring and degradation of carbamate 
moiety. The resulting metabolites include FEN-SO, FEN-OSO, fenbendazole 2-aminosulfon 
(FEN-NH2) and other minor metabolites such as the 4-hydroxy fenbendazole (FEN-OH) in 
rats, rabbits, dogs, sheep, cattle, goats, chickens and pigs. In the edible tissues of all 
aforementioned species, FEN, FEN-SO and FEN-OSO are the mainly detected metabolites. 
In urine, the FEN-OH is the major compound with traces of FEN-SO and FEN-OSO. Finally, 
more than 90% can be excreted within 3 days mainly with the feces which is considered as 
the main elimination route (WHO, 1991; Murray et al., 1992).  
Several metabolism studies in different animal species have been detailed in the report of 
WHO (1991) about some benzimidazole compounds. Thus, in a metabolism study in pigs, 3 
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test animals received 5 mg/kg of 2.5 % oral aqueous solution of fenbendazole. After 3 days, 
30-35 % was excreted in the urine while 50-60 % was excreted via feces. 1 % of the parent 
compound was detected in the urine and 37-52 % was detected in the feces. This finding 
demonstrated that the absorbed portion of FEN was extremely metabolized in pigs. After 7 
day, only 0.28 mg/kg was found in the liver of the pigs treated with single dose of FEN at 5 
mg/kg body weight (bw). Another study showed that liver contained 1.3, 1.9 and 0.1 mg/kg of 
FEN, OXF or FEN-SO, and FEN-OSO, respectively, after 7 day in cattle treated with 7.5 mg 
FEN/kg bw. In fish treated with FEN, the parent compound and its metabolite FEN-SO can 
accumulate in the skin. However, both compounds were mostly depleted within 96 and 24 h, 
respectively.  
Unlike FEN, OXF may be administered orally. It is rapidly absorbed in all animals or 
intraruminally transformed due to its relatively higher solubility than FEN or FLU. OXF is 
commercially available and widely used in sheep, horses and cattle. As FEN-SO, it is one of 
the main metabolites of FEN and FEB. Pharmacokinetic data obtained from several studies 
on different animal species demonstrated that this compound highly absorbed after oral 
administration, e.g., 100 % in the rats, 77 % in cattle, 85 % in sheep. After administration of 
the drug to cattle and sheep for treatment and control of roundworms and tapeworms at a 
dosage of 4.5 mg/kg bw, this compound is rapidly absorbed and then metabolized. FEN, 
FEN-SO, FEN-OSO and other minor metabolites were detected in the plasma of the treated 
animals. This finding confirms that FEN-SO again can convert to FEN. The parent 
compounds and its metabolites mostly are excreted with the feces within 2 days. Figure 1.4 
shows the metabolic pathways of FEN and FEN-SO in different animal species and FEB as 
another source for FEN and FEN-SO (WHO, 1991; Botsoglou and Fletouris, 2001).  
Due to its low water solubility, FLU is a poorly absorbed compound with low toxic effects on 
the treated animals. Therefore, the oral administration of FLU to pig and poultry is highly 
effective against gastrointestinal nematodes and lungworms at dosages of 5 or 30 mg/kg bw 
received in the feed. 50 % of the absorbed amount is excreted unchanged in the feces. 
Keton reduction and hydrolysis of the carbamate moiety are the major biotransformation 
pathways in rats, dogs and pigs. Methylation has also been found as minor metabolic 
pathway in dogs only resulting in the metabolite FLU-M4. Residues of the 2-amino-1H-
benzimidazole-5-yl-4-fluorophenylmethanone metabolite were detected in pig liver at much 
higher concentration than the parent compound, where the absorbed portion is rapidly 
metabolized. To study the metabolism in pigs, 1.5 mg/kg bw of 14C-FLU was given to 18 pigs 
where the weight was in the range 16.7 to 24.5 kg to simulate the real dose which is 30 
mg/kg. Within 30 days post-treatment, only 79 % was excreted in this period, 56 % with feces 
and 23 % with the urine.  
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Figure 1.4: Metabolic pathways of febantel and fenbendazole in different animal species 
(according to Murray et al., 1992; Rose, 1999; EMEA, 2004c). 
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Figure 1.5: Metabolic pathway of flubendazole in different animal species (according to Van 
Leemput and Heykants 1991). 
 
The third metabolite FLU-M3 resulted from carbamate hydrolysis and keton reduction was 
the main metabolite detected in the urine. The second metabolite (FLU-M2) which resulted 
from carbamate hydrolysis was the main one detected in the feces. Otherwise, both of the 
above mentioned metabolites were detected in pig tissues. FLU-M2 was the main metabolite 
detected in pig liver tissues. After 30 days, FLU-M2 together with very low amounts of the 
parent compound less than 2 % were found as well. In another biotransformation study, sows 
received 30 mg FLU/kg bw in the feed for 10 consecutive days. 7 days after the termination 
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of the treatment, concentrations of the unchanged FLU in liver, kidney, muscle and fat were 
59, 67, 13 and 33 µg/kg bw, respectively. The mean lethal doses reported in toxicological 
study applied to mice, rats and guinea pigs were > 5000 mg/kg bw. Thus, this anthelmintic 
drug has a wide safety margin. Figure 1.5 shows the metabolic pathways of FLU in different 
animal species and UMF-078 as another source of FLU and its metabolites (WHO, 1993; 
Issar et al., 1999; Botsoglou and Fletouris, 2001). 
Because of these compounds are licensed and applied extensively for food production 
animals, maximum residue levels (MRLs) of benzimidazoles have been defined for several 
animal products for human safety by EU. MRLs for FEB and FEN and OXF which are 
defined as the sum of FEB, FEN and OXF and expressed as FEN-OSO is in the range 10 to 
500 µg/kg in milk and different tissues. In case of FLU, MRLs range between 50 µg/kg for 
muscle and 400 µg/kg for eggs and liver, where the parent compound and the sum of FLU 
and FLU-M1 are defined in eggs and in other edible tissues, respectively. Table 1.3 shows 
the MRLs for FEN, FLU and FEB compounds in selected food products. 
 
Table 1.3: Maximum residue levels (MRLs) for the target compounds (EMEA, 2004a, b, 
2006). 
 
Drug Maximum  
residue 
Animal  
species 
MRL 
[µg/kg] 
Target  
tissue 
FEN  
FEN-SO 
sum of extractable 
residues oxidizable 
to FEN-OSO 
bovine, ovine 
bovine 
ovine 
porcine 
equidae 
10 
50 
50 
500 
50 
milk 
muscle 
fat 
liver 
kidney 
FLU 
 
sum of FLU and 
metabolites 
 
porcine 
 
poultry 
 
chicken 
50 
50 
400 
300 
400 
muscle 
skin 
liver 
kidney 
eggs 
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1.4 Analysis of benzimidazole anthelmintics in different sample matrices 
 
1.4.1 Biological samples 
 
Several methodological approaches were published for the analysis of either single or mixed 
benzimidazole parent compounds with or without corresponding metabolites. These 
compounds may be individually analyzed, parent drug plus its major metabolites or parent 
plus its metabolites mixed with other benzimidazoles. These methods mostly focused on the 
determination of these selected veterinary medicines in biological samples including urine 
(Msagati and Nindi, 2006), blood (Ramanathan et al., 1994), plasma (Morovján et al., 1998; 
Issar et al., 1999; Moreno et al., 2004) and different animal tissues (Brandon et al., 1994; 
Dowling et al., 2005; Nobilis et al., 2007; Keegan et al., 2011). A number of methods exist for 
analysis of benzimidazole residues in versatile food types including milk ( Brandon et al., 
2002; Fletouris et al., 1996; De Ruyck et al., 2002; Hu et al., 2010), eggs (Kan et al., 1998; 
De Ruyck et al., 2001) as well as animal feed (Dusi et al., 2005; Li et al., 2011). Several 
compounds were determined in parasitic materials (Mottier et al., 2003; Cvilink et al., 2009) 
and feces of goat and donkey (Barker et al., 1987; Gokbulut et al., 2006). 
Various analytical approaches to sample preparation and detection of benzimidazoles and 
their corresponding metabolites in different media were published. A number of studies 
showed that the residues present in urine are mostly present as phase II metabolites. 
Therefore, de-conjugation of these metabolites via enzymatic hydrolysis was reported as 
sample pre-treatment step in biological samples (Danaher et al, 2007).  
Liquid-liquid extraction (LLE) and solid phase extraction (SPE) procedures were used as 
efficient methods for extraction and clean-up for benzimidazole analysis. Based on 
partitioning between two immiscible solvents, several benzimidazole compounds can 
efficiently extracted. Thus, Fletouris et al. (1996) extracted FEN, FEN-SO, FEN-OSO and 
FEN-OH from milk samples with dichloromethane after protein precipitation with acetonitrile. 
This procedure was based on partitioning between aqueous and organic phases at alkaline 
pH. The organic phases were washed with alkaline buffer and evaporated to dryness and 
finally the residues were partitioned between water and ethyl acetate.  
Blanchflower et al. (1994) developed a method for the determination of FEN and FEN-SO in 
liver and muscle samples. The samples were homogenized with water, sonicated with 
methanol and centrifuged. The supernatants were washed with light petroleum. Then 
dihydrogenphosphate was added and finally re-extracted with diethyl ether/ethyl acetate, 
where the adjustment of pH was not relevant in the extraction step but later in the clean-up 
procedure. 
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Alternative solvents with higher polarity such as acetonitrile and methanol were successfully 
used without pH adjustment. For example, Sørensen and Hansen (1998) developed a 
method for determination of MBZ, FEN, FEN-SO and FEN-OSO in muscle and skin tissues. 
The compounds were extracted with acetonitrile and the extracts were washed with n-
hexane before loading on the C18 and CN cartridges for additional clean-up. Because of 
benzimidazole compounds are weakly basic compounds these compounds may be 
protonated under acidic conditions. Rose (1999) exploited this phenomenon to develop a 
method for the determination of 9 compounds closely related to OXF in cattle liver samples. 
The samples were extracted with acetonitrile followed by strong cation exchange SPE for 
sample clean-up using Bond-ELUT SCX cartridges at acidic pH. The investigated 
compounds were eluted with acetonitrile containing 5 % ammonia. 
A SPE method using styrene-divinylbenzene (SDB1) cartridges has been successfully 
applied to clean up the raw extracts of pig muscle and liver samples spiked with 15 
benzimidazole compounds as described by (Balizs, 1999). These samples were extracted 
using ethyl acetate at alkaline pH, rotary evaporated and then loaded onto SDB cartridges in 
methanol/0.1 M ammonium acetate (50:50, v/v). The analytes were eluted with 
methanol/ethyl acetate (1:4, v/v) and finally analyzed using LC–MS/MS. Recovery of 
benzimidazole residues was in the range of 36-117 %. Very low recovery of 8 % was 
obtained for FEN. 
Marti et al. (1990) extracted FLU, FEN, FEN-SO and other benzimidazoles from meat by 
mixing with acetonitrile using a polytron mixer. For every sample, this procedure was 
repeated one time. The supernatants were removed via centrifugation. The acetonitrile 
extracts were defatted by stirring with n-hexane and dichloromethane in two consecutive 
steps. The acetonitrile phase was removed, dried over sodium sulphate and evaporated with 
a vacuum evaporator. Two more clean-up steps were conducted using Sep-PakCl8 
cartridges, where the compounds were eluted using acetonitrile. The eluates were passed 
through Sep-Pak Florisil cartridges and finally eluted using a mixture of 
chloroform/methanol/triethylamine (90:10:1, v/v/v).  
Matrix solid phase dispersion (MSPD) has been applied by a number of researchers for the 
analysis of selected benzimidazoles in different matrices. A method for extraction of FEN, 
OXF, FEN-OSO, FEN-OH and other benzimidazole compounds from milk samples was 
described by Long et al. (1989). The milk samples were mixed with octadecylsilyl (C18, 18 % 
load, end-capped) derivatized silica packing material. The MSPD column which made from 
the C18/milk matrix was first washed with n-hexane. The benzimidazoles were eluted with 
dichloromethane/ethyl acetate. This method was extended to extract the same group of 
compounds from muscle tissue. The benzimidazoles were eluted with acetonitrile. The 
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acetonitrile extract was then passed through an activated alumina column for further 
purification step (Long et al., 1990). 
Summary of selected analytical approaches used to determine the benzimidazoles and their 
related metabolites in different samples is listed in Table 1.4. The extraction and clean-up 
procedures as well as the method detection (MDL) and method quantitation limits (MQL) for 
different sample matrices are given additionally.  
A wide range of analytical techniques were used to determine concentrations of selected 
benzimidazoles in versatile matrices as detailed in a number of publications, including high 
performance liquid chromatography (HPLC) with different detectors, such as constant or 
variable wavelength detectors (UVD) (Nerenberg et al., 1978; Ramanathan et al., 1994; 
Fletouris et al., 1996; Kan et al., 1998; Rose, 1999; Mottier et al., 2003; Moreno et al., 2004; 
Dowling et al., 2005; Gokbulut et al., 2006; Nobilis et al., 2007; Kim et al., 2010a) or 
photodiode array detector (DAD) (De Ruyck et al., 2000), high performance liquid 
chromatography coupled with mass spectrometry (HPLC/MS) (Barker et al., 1987; De Ruyck 
et al., 2001; Msagati and Nindi, 2001; De Ruyck et al., 2002; Msagati and Nindi, 2006; Ortelli 
et al., 2009; Hu et al., 2010; Keegan et al., 2011, gas chromatography/mass spectrometry 
(Marti et al., 1990), capillary electrophoresis (CE) (Rousseau et al., 2010) as well as a 
voltammetric method for the quantitative determination of FEN in commercial tablets has 
been used (de Oliveira and Stradiotto, 2002). 
Other techniques offer simple, relatively sensitive and selective methods for detection of 
benzimidazole residues in biological matrices, such as immunoassay techniques. Nerenberg 
et al. (1978) developed a method for determination of OXF in rabbit plasma and sheep fat 
tissue using radioimmunoassay. Using this technique, samples such as plasma, serum and 
milk can be analyzed directly or diluted prior to analysis. Brandon et al. (1994) determined 11 
benzimidazole carbamate residues including ABZ, FBZ, OXI, MBZ, FLU, carbendazim (MBC)  
and some metabolites in bovine liver samples after aqueous extraction and FBZ residues in 
diluted milk samples using enzyme-linked immunosorbent assay (ELISA). 
 
 
1.4.2 Environmental samples 
 
Few data are only available about the analytical determination of benzimidazoles in different 
environmental compartments especially in liquid manure and manured soil even though 
these compounds are widely applied in conventional animal husbandry. In the study 
performed by Van De Steen and Lamber (2008), FLU and 8 other benzimidazoles were 
determined in surface water and wastewater. Kim et al. (2010a) monitored sorption of FLU, 
FEN with metabolites and other benzimidazole parent compounds on dissolved organic 
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matter surrogates and sewage sludge. First transformation tests of FEN and FLU in liquid pig 
manure and manured soil were performed by Kreuzig et al. (2007). Metabolic dynamics were 
determined under laboratory conditions by the application of both test substances as 14C-
labeled radiotracers. Finally, these results were confirmed under field conditions by means of 
liquid chromatography with variable wavelength detection (HPLC/UVD). Samples were 
extracted using a sodium acetate buffer and ethyl acetate and cleaned up by solid phase 
extraction (SPE) and size exclusion chromatography (SEC). Method quantitation limits were 
100 µg/kg liquid manure and 20 µg/kg dry soils. After FLU administration to sows, liquid 
manures were also analyzed for parent compound and amino and hydroxy metabolites by 
Weiss et al. (2008). Here, manure samples were only diluted 1:1 in methanol/water (50:50, 1 
% acetic acid), centrifuged and LC/MS/MS analyzed at 19-110 µg/L. 
Even though, methods for analysis of FLU, FEN and their major metabolites are available in 
food and biological matrices, only few studies investigated these chemicals in the 
environment. However, these studies are not sufficient to achieve a complete overview about 
these compounds simultaneously with their metabolites in the environment and their impacts 
on different ecosystems and consequently on human and animal health.  
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Table 1.4: Summaries of selected analytical methods used for the determination of benzimidazole compounds in different matrices. 
 
Analytes Matrix Extractant Clean-up MDLa [µg/kg] Reference 
FLU,  FLU-M1, 
FLU-M2 
eggs 
milk 
ethyl acetate at 
alkaline pH 
n-hexane  
0.2-µm PTFE 
filters 
0.14-1.14 
(LC/MS/MS) 
(De Ruyck et al., 
2001) 
FEN, FEN-SO,  
FEN-OSO,  
12 benzimidazoles 
milk ethyl acetate at 
alkaline pH 
n-hexane  
SPE/SDB1 
< 6 
(LC/MS/MS) 
(Balizs, 1999b) 
FEN, 
4 benzimidazoles 
muscle  
milk 
supported liquid 
membrane  
supported liquid 
membrane 
10 
(LC/DAD) 
(Msagati et al., 2001) 
FEN, FEN-SO,  
7 benzimidazoles 
 
milk 
ethyl acetate 
at alkaline pH 
0.2-µm PTFE 
filters 
<  1 
(LC/MS/MS) 
(De Ruyck et al., 
2002) 
FEN,  
4 benzimidazoles 
milk  
urine 
supported liquid 
membrane 
supported liquid 
membrane  
1-10 
(LC/MS/MS) 
(Msagati and Nindi, 
2006) 
  SPE (Oasis MCX) SPE 0.1-1 
(LC/MS/MS) 
 
FEN,  FEN-SO,   
FEN-OSO, 
7 benzimidazoles 
egg  
milk 
muscle 
phosphate solution 
for milk and egg; 
methanol for muscle
polymer monolith 
micro-extraction 
0.08-2.76 
(LC/MS/MS) 
(Hu et al., 2010) 
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Table 1.4: Continued. 
 
Analytes Matrix Extractant Clean-up MDLa [µg/kg] Reference 
FEN, FEN-SO,  
FEN-OSO, FEN-OH 
muscle PBS-Tween + BSA 
at pH 7.0 
SPE (C18) 3-7 
ELISA 
(Brandon et al., 
2002) 
FEN, FEN-SO,  
FEN-OSO,  
3 benzimidazole 
muscle acetonitrile SPE (C18) 4-26 
(LC/UVD) 
(Moreno et al., 
2005) 
FEN, FEN-SO,  
FEN-OSO 
muscle acetonitrile SPE (C18, CN) 3.8-4.5 
(LC/UVD) 
(Sørensen and 
Hansen, 1998) 
FEN, FEN-SO,  
FEN-OSO, FEN-OH 
plasma acetonitrile 
chloroform 
microfiltration 
glass fiber 
5 
(LC/UVD) 
(Kellar et al., 2002) 
FLU, FLU-M, FLU-M2 egg ethyl acetate  
at pH 9.3 
0.45-µm PTFE 
filters 
12 
(LC/DAD) 
(Kan et al., 1998) 
FEN, FEN-SO,  
FLU, FLU-M2,  
10 benzimidazoles 
liver phosphate buffer 
acetonitrile 
SPE 5-18 
(LC/DAD) 
(Caprioli et al., 
2010) 
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Table 1.4: Continued. 
 
Analytes Matrix Extractant Clean-up MDLa [µg/kg] Reference 
FEN, FEN-SO,  
FEN-OSO,  
5 benzimidazoles 
animal 
feeds 
acetonitrile microfiltration 2-63 
(LC/MS/MS) 
(Li et al., 2011) 
FEN, FEN-SO,  
FEN-OSO, FEN-OH 
plasma acetonitrile 
chloroform 
microfiltration 5 
(LC/UVD) 
(Gokbulut et al., 
2006) 
  a Method detection limit in egg, liver, muscles and animal feeds (µg/kg) and  (µg/L) in milk, urine and plasma. 
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2. Motivation and objectives 
 
Several chemicals have been produced worldwide to maintain the health and yields of food 
production animals. Besides disinfectant and some of heavy metals which used as food 
supplements, wide varieties of pharmaceutical compounds are frequently used for treatment 
and control of several animal diseases. Benzimidazole anthelmintic drugs as a relevant 
group of the extensively used veterinary medicines are known to be of environmental 
concern due to their high production volumes and potential adverse effects on non-target 
organisms in the ecosystem (Danaher et al., 2007; Weiss et al., 2008; Kim et al., 2010a). 
Three members of this family have been in the focus of numerous research activities due to 
wide application range as the result of their broad spectrum effect against different parasites, 
i.e., FEN, OXF and FLU.  
In conventional animal husbandry, where the animals are housed and treated with one of 
selected benzimidazoles for treatment or control of endoparasites, large quantities of solid 
and liquid manure are produced. The pharmacokinetic studies of selected compounds 
demonstrated that, following the oral administration, the absorbed amounts are extensively 
metabolized. The parent compounds and their corresponding metabolites are excreted via 
feces and urine of treated animals.  Excreta are stored for certain time in manure cellars or 
tanks. Fenbendazole and flubendazole are not readily degraded neither in liquid pig manure 
nor manured soils based on the reported data about persistence and mobility published by 
Kreuzig et al. (2007). So far these compounds are not degradable; they will enter soil 
environments when liquid manures as organic fertilizers are spread to agricultural fields.  
Therefore, the occurrence of these compounds in manure and soil in addition to the risk of 
releasing of these compounds, especially their highly polar metabolites to the aquatic system 
cannot be excluded. Limited amounts of data are available on concentrations of the parent 
compounds and their corresponding metabolites in different environmental compartments. 
This is attributed to the lack of sophisticated analytical method feasible for the simultaneous 
determination of the parent compounds and their corresponding metabolites in complex 
sample matrices at µg/kg concentrations. Due to the relevance of the application of 
benzimidazole anthelmintics in animal husbandry, sophisticated analytical methods are 
needed. Therefore, the overall objective of the present study focused on the development of 
an analytical method for the simultaneous determination of fenbendazole and flubendazole 
as well as their corresponding metabolites in surface water, liquid pig manure, soils and 
manured soils.  
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The specific objectives of this work were: 
 To develop a chromatographic methods for identification and quantitation of the target 
compounds. 
 To develop sample preparation procedures, e.g., extraction and clean-up methods to 
allow for LC/MS/MS analysis of the target compounds at µg/kg concentrations.  
 To select one of different calibration techniques that allows for compensation matrix 
effects in order to achieve accurate and precise results. 
 To check for the extraction efficiency taking into account aged benzimidazole 
residues of anaerobic biotransformation tests. 
 To evaluate the performance of the purposed methods by the analysis of real manure 
samples taken from different farms after flubendazole administration to sows and 
piglets.  
 To confirm the positive findings using current standards of analytical quality 
assurance. 
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3. Materials and methods 
 
The analysis of benzimidazole anthelmintics in liquid pig manure and manured soil is chal-
lenged by versatile factors: Because the parent compounds FEN and FLU, administrated to 
pigs, and corresponding metabolites formed and excreted by pigs, have to be simultaneously 
analyzed at low µg/kg concentrations, different structure specific polarities have to be taken 
into account. Liquid manure and manured soil samples are of high complexity and hetero-
geneity. Therefore, exhaustive extraction and efficient clean-up procedures are to be devel-
oped. Subsequently, liquid chromatography coupled to tandem mass spectrometry follows to 
exploit its sophisticated selectivity and sensitivity in order to achieve results meeting the cur-
rent standards of analytical quality assurance. Thus, validation procedures focused on high 
accuracy and precision, i.e., intra-day and intermediate precision. Finally, positive results 
were confirmed according to European commission Decision 2002/657/EG (EC, 2002) for 
identification, quantitation and confirmation of organic pollutant in live animals and animal 
products. 
After the determination of instrumental detection (IDL) and quantitation limits (IQL), therefore, 
fortification experiments were conducted, first in water, then in reference pig manure and first 
in soil, then in manured soil in order to identify matrix effects and to determine the method 
detection (MDL) and method quantitation limits (MQL). Finally, real samples from transforma-
tion tests and manure cellars from 7 farms were analyzed to check for the feasibility of the 
new analytical method. 
 
 
3.1 Reference standards and standard solutions 
 
FEN, FEN-SO and FLU were purchased from Dr. Ehrenstorfer (Augsburg, Germany). 
FEN-OSO was synthesized by Kreuzig et al. (2007) via a two-steps oxidation of fenbenda-
zole using peracetic acid as oxidant. FLU metabolites (FLU-M1 to FLU-M6) and the chloro-
analogue of FLU (FLU-Cl) (Table 3.1) were provided by Janssen Animal Health, a Division of 
Janssen Pharmaceutica NV, Beerse, Belgium. An individual stock standard solution of each 
analyte was prepared by dissolving 10 mg of each compound in 10 mL dimethyl sulfoxide. 
These reference standard solutions were stored at -20 °C and freshly prepared every 3 
months. The mixed working standard mixture was prepared in methanol at 50 ng/µL, except 
of fenbendazole (25 ng/µL) and FLU-M6 (100 ng/µL). The standard solutions were stored at 
4 °C and conditioned at ambient temperature before use. Stock standard solution of the FLU-
Cl, used as the internal standard was prepared by dissolving 0.1 mg in 10 mL of dimethyl 
sulfoxide. The working standard solution of 1 ng/µL was prepared by diluting stock standard 
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solution with methanol and stored at 4 °C. Mixtures of selected compounds at different con-
centration levels (1 to 50 ng/µL) were used in fortification experiments and for recording the 
calibration curves. All solvents were of HPLC grade while the other chemicals were of analyt-
ical grade. They were purchased from Merck (Darmstadt, Germany). Deionized water was 
prepared using SERALPUR PRO 90/PRO 90 C Ultrapure water-System with 0.2-μm filter, 
purchased from SERAL Elrich Alhäuser GmbH (Bansbach-Baumbach, Germany). 
 
Table 3.1: Chemical name, structure, molecular formula and molecular weight (MW) of the 
chloro-analogue of flubendazole used as internal standard. 
 
Substance Chemical Structure 
Internal standard (IS) 
Methyl-[5-(4-chlorobenzoyl)-1H-benzi-
midazole-2-yl]carbamate (FLU-Cl) 
(C16H12ClN3O3; MW: 329.1)  
 
 
3.2 Sampling of different matrices 
 
3.2.1 Surface water samples  
 
Surface water samples were collected using grab sampling method from Oker River at the 
Botanic Garden, Braunschweig, Germany. These samples were stored in brown-glass bot-
tles pre-rinsed using ethyl acetate and methanol plus deionized water and surface water from 
the sampling site. Every sample was filtered using 0.6-µm glass fiber filters (GF-6, 0.6 µm; 
Macherey-Nagel, Düren, Germany) and stored at 4 ºC until analytical processing.  
 
 
3.2.2 Excreta and real manure samples 
 
Liquid tank manures are well-known to be heterogeneous and complex, already revealed by 
variable dry substance contents of 0.4-12 % (Burton and Turner, 2003; Merkel, 2005). For 
experimental purposes, therefore, Kreuzig et al. (2007a; 2010a) developed the reference 
manure concept. Excreta of pigs individually kept in an experimental animal house under 
defined feeding conditions were sampled and conditioned. Subsequently, tap water was 
added to adjust dry substances contents of 5 %. Following this concept, a representative and 
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reproducible manure matrix, free of interfering veterinary medicines administrated to pigs and 
biocide, i.e., cleaning and disinfection agents, applied in animal houses, was available for 
analytical methods development (Kreuzig, 2010a). 
For this reason pig excreta, i.e., urine and feces containing 11.1-15.6 % dry substances (ds), 
were sampled at the Institute of Animal Nutrition, Friedrich-Löffler-Institut, Braunschweig, 
Germany. The excrement samples were stored in 20-L plastic containers at ambient temper-
ature for 21 days. Within this conditioning period, they were homogenized every 2 days using 
an electric stirrer and matrix characterized, i.e., dry substances (ds), total organic carbon 
(TOC) and pH. Bulk excreta were thereafter divided into aliquots and stored in 1 to 2-L plas-
tic containers. These samples were stored at -20 ºC. One of these samples was kept at 4 ºC 
and analyzed for background contamination. Subsequently, these matrix characterized and 
background analyzed samples were used in the fortification experiments.  
Real manure samples were taken at 7 pig fattening farms in the catchment area of the 
Chamber of Agriculture of Lower Saxony, Oldenburg, Germany. As broad spectrum antipa-
rasitic agent, FLU was administered as a food additive at 5 mg/kg bw for 5 consecutive days. 
On 6 June 2010, 10 to 80 days after FLU administration, grab sampling was conducted in 
manure cellars under the slatted floors. In order to check if FLU and corresponding metabo-
lites can be determined, 500-1000 g real samples were taken with beakers, transferred into 
polyethylene bottles and cooled down for the transport to the laboratory. The samples were 
matrix characterized for dry substance, pH and total organic carbon and finally frozen at -20 
°C until analysis.  
 
 
3.2.3 Soil samples 
 
Two different soils were used for this method development. First, samples of humid silty sand 
soils were collected from the topsoil (0–20 cm) of an arable field at Julius Kühn-Institut, 
Braunschweig, Germany. Silty clay soils were collected from arable land at Adenstedt, Am-
bergau, Germany. The field fresh soil samples were homogenized, sieved to < 2 mm and 
stored at -20 °C until analytical processing. 
According to the maximum amount of manure, based on 170 kg N/ha with 5 g N/kg manure, 
1500 kg soil/m3 and 0.05 cm soil depth, that could be added to the soils as fertilizer and ac-
cepted by the German Ordinance Concerning Fertilizers (2006), manured soil samples were 
prepared by adding 10 g of pig excrements to 50 g soil. 
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3.3 Matrix characterization 
 
3.3.1 Excreta and real manure samples 
 
3.3.1.1 Determination of pH and dry substance 
 
In accordance with DIN EN 12176 S5 (1998), the pH values were measured directly in the 
excrements by means of pH-meter (Multical 535 GLP with pH-glass electrode SenTix 61; 
WTW, Weilheim, Germany). Afterwards, reference manure samples were measured to adjust 
the pH as required during the work. The pH meter was calibrated and tested before every 
measurement using three different buffer solutions (pH 4.0, 7.0, 9.2). These solutions were 
freshly prepared if any turbidity could be observed or at maximum 3 months from the first 
use. The reading was recorded after getting stable for 2 min. 
According to ISO 11465 (1993), dry substance percentage (ds) was determined by calculat-
ing the difference between the weight of sample before and after drying using Ultra-X infra-
red heater (Gronert, Lage, Germany). The dry substance content was calculated according 
to: 
 
100
m
mds
a
b   
 
Where,  
ma: initial weight   (g)   
mb: output weight (g).   
 
 
3.3.1.2 Total organic carbon  
 
The total organic carbon (TOC) was determined in accordance with ISO 10694 (1995). 
Amounts of well mixed pig excrement samples (10-20 g) were oven-dried at 105 °C. To re-
move the inorganic carbon such as bicarbonate, samples treated with 5-20 mL of 4 M of hy-
drochloric acid (HCl) 2 h or until no more effervescence was observed. During this time, the 
excess amount of HCl was removed by heating using hot plate at 100 ºC. Samples re-dried 
in drying oven at 105 °C overnight. After cooling, samples were ground and prepared for 
TOC analysis (C-Analyser Dohrmann DC-90; Santa Clara, CA, USA). Because of higher 
carbon content of manure samples, these samples were diluted with aluminum oxide in ratio 
of 1:19. The mixed samples were combusted at 900 ºC and the combustion gas was ana-
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lyzed by means of a non-dispersive infrared detector. The TOC analyzer used for detection 
of carbon dioxide was operated and controlled by HP-PEAK 96 software Agilent, Waldbronn, 
Germany.  
Samples of low TOC contents were measured without any dilution. TOC amounts were cal-
culated on the basis of an external standardization. The standard curves (20 to 180 µg car-
bon ranges) were recorded by analyzing mixtures of oxalic acid dihydrate and aluminum 
oxide (H2C2O4/Al2O3) at the ratio of 1:9. Finally, the results were calculated as the percentage 
of the amount (%) of dry substance according to the following formula:   
 
TOC [%] = 100
W
W
a
b    
Where;  
Wa: initial weight (µg),  
Wb: amount of carbon (µg). 
 
 
3.3.2 Soil samples 
 
Matrix characterization of soil samples is a relevant process for understanding of the beha-
vior of organic pollutants in soil or manured soils samples. Table 3.2 presents selected phy-
sico-chemical properties of soils under study. 
 
Table 3.2: Selected physico-chemical properties of the soils under study (Kreuzig et al., 
2007; Achtenhagen and Kreuzig, 2011). 
 
Soil Silty sand soil 
(Braunschweig, Germany) 
Silty clay soil 
(Adenstedt, Germany) 
Sand [%] 47.0 5.0 
Silt [%] 46.7 56.0 
Clay [%]  6.3 39.0 
TOC [%] 0.7  1.6 
WHCmax [%] 34.2 43.0 
pH (CaCl2)  5.6  6.9 
 TOC: Total organic carbon, WHCmax: maximum water holding capacity 
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3.4 Extraction procedures 
 
3.4.1 Surface water samples 
 
The preliminary experiments were conducted to develop a method for simultaneously extrac-
tion of the target compounds from surface water by solid phase extraction (SPE). In order to 
optimize the extraction methods, the performances of two different SPE cartridges with po-
lymeric sorbent materials were checked at different pH values of the samples. SPE experi-
ments were conducted using styrene-divinylbenzene (SDB1, 200 mg, 6 mL; Mallinckrodt 
Baker, Griesheim, Germany) and Oasis HLB (60 mg, 3 mL; Water, Millford, MA, USA) car-
tridges. The cartridges were conditioned with 5 mL methanol, followed by 5 mL deionized 
water in case of neutral samples or by 5 mL acidified water (pH 2.3) prepared by adding 5 
mL formic acid in 1 L deionized water in case of acidic samples. For SPE, 200 mL surface 
water from Oker River were spiked with analytes at 5 and 25 µg/L and 0.1, 0.2 and 1 µg/L for 
HPLC/UVD and LC/MS/MS experiments, respectively.  
The surface water samples (200 mL) were filtered using 0.6-µm glass fiber filters (Macherey-
Nagel, Düren, Germany) and then acidified before the extraction with formic acid to pH 2.3 
checked by a pH Meter (Multical 535 GLP with pH-glass electrode SenTix 61; WTW, Weil-
heim, Germany). The pH meter was calibrated and tested before measurement with standard 
buffer solutions prepared at pH 4.0, 7.0 and 9.2 (Fluka Chemie GmbH, Buchs, UK). The wa-
ter samples forced through the cartridges at a flow rate of approximately 4 mL/min. Subse-
quently, the loaded cartridges were rinsed with 5 mL deionized water and then air dried un-
der low pressure for 10-15 min. To test the behavior of selected compounds in a neutral wa-
ter matrix, 200 mL water samples spiked with the analytes at 1 µg/L were extracted directly 
without pH adjustment. The elution of the retained analytes was performed with 2 x 5 mL 
methanol or methanol acidified with 1 % formic acid. The eluates were evaporated to dryness 
under a gentle nitrogen stream and re-dissolved in 1 mL methanol. Finally, 10 µL were in-
jected to HPLC/UVD (λ = 280 nm) or LC/MS/MS, respectively. For determination of the abso-
lute recovery during the SPE procedure, calculated concentration of the target compounds 
spiked in the water samples before SPE were compared with those obtained in spiked ex-
tracts after SPE according to the next equation (Yang et al., 2004; Kim and Carlson, 2007). 
 
   3.1) (Eq.                       100
extraction  after  spiked  samples the of ionConcentrat
extraction before spiked samples the of ionConcentratRecovery 
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3.4.2 Manure samples 
 
Three different procedures were applied to extract the target compounds from liquid manure 
samples. For the sub-sampling procedure, pig excrements were manually stirred continuous-
ly to avoid sedimentation as far as possible and to get representative samples. 
 
 
3.4.2.1 Direct solvent extraction  
 
Several extraction conditions for FEN, FLU and their corresponding metabolites from liquid 
pig manure were tested in the preliminary experiments which began with modification of the 
procedure described by Kreuzig et al. (2007). Four replicates, each one of 50 g reference 
manure of 5 % (ds), were transferred into 300-mL Erlenmeyer flasks. The samples were forti-
fied with the target compounds at 100 µg/kg fresh sample and extracted without any pH ad-
justment (original pH 6.8). Manure samples were extracted with 100 mL ethyl acetate by 
shaking on horizontal shaker (Type 3020, Gesellschaft für Labortechnik, Burgwedel, Germa-
ny) at 220 rpm overnight. 
The organic phases were transferred into round bottom flasks using folded filter papers 
(MN615 ¼. 150 mm; Macherey-Nagel, Düren, Germany). The extracted samples were 
subsequently rinsed with another 100 mL for 60 min and finally with 50 mL ethyl acetate for 
30 min. The combined extracts were filtered using the same folded filter papers used before 
with anhydrous sodium sulfate. To minimize the losses during this procedure, both collecting 
flasks and filter papers with sodium sulfate were rinsed with 25 mL ethyl acetate. The ex-
tracts were rotary evaporated to near dryness. The residues obtained from the extracts were 
re-dissolved in 10 mL methanol, filtered using 0.2-µm polyester filters (Chromafil Type 0-45-
15; Macherey-Nagel, Düren, Germany), cleaned-up and finally LC/MS/MS analyzed. The 
efficiency of the extraction procedure was evaluated at different spiking levels of the target 
compounds, i.e., 4, 50, 100 and 500 µg/kg fresh manure. 
Two series of experiments were carried out to check the effect of the pH on the extraction 
efficiencies.  At acidic pH, four replicates, each one contains 50 g reference pig manure of 
5% (ds), were transferred into 300-mL Erlenmeyer flasks. These samples were spiked with 
target compounds at 100 µg/kg fresh manure and then acidified to pH 4.4 by adding 0.25 mL 
formic acid. After adding 100 mL ethyl acetate, the flasks were shaken on a horizontal shaker 
at 200 rpm overnight. The organic phases were removed via filtration. The previously ex-
tracted samples were rinsed twice, cleaned-up and analyzed as described before.  
The already discussed extraction procedure was additionally performed at pH 9.5 due to the 
basic character of the benzimidazoles under study. Thus, manure samples were adjusted 
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using ammonia/ammonium chloride buffer. The latter was prepared by dissolving 33.5 g 
ammonium chloride in 150 mL water and adding 42 mL concentrated ammonia. Finally, this 
solution was diluted with deionized water to the final volume of 250 mL. The buffered sam-
ples were extracted, cleaned-up and finally LC/MS/MS analyzed. Spiking levels were 2, 20, 
100 and 200 µg/kg fresh manure, respectively. 
In order to advance the extraction efficiency at alkaline pH, the addition of sodium chloride 
(10 g NaCl), and the number and time of extraction cycles were tested as well. To test the 
effect of shaking time during the first extraction cycle, six samples were spiked with target 
compounds at 100 µg/kg fresh samples. These samples were extracted for one time by 
shaking independently with 100 mL ethyl acetate at 220 rpm and ambient temperature for 2, 
4, 6, 8 (n=1) and 12 h (n=2). The previously extracted samples were rinsed via shaking with 
100 mL of ethyl acetate for 60 min and finally with 50 mL of the solvent for 30 min. The ob-
tained recoveries were compared with the recovery of zero samples equally treated, but, 
spiked after extraction with analytes at the same concentrations. Further two rinsing steps of 
the same extracted samples were achieved via shaking at 220 rpm with additional 100 mL 
ethyl acetate for 60 min and finally with 50 mL for 30 min. 
 
 
3.4.2.2 Liquid-solid extraction after lyophilization  
 
Different series of experiments were conducted to assess the efficiency of several solvents to 
extract the target compounds from lyophilized manure samples. For this purpose, 50-g liquid 
pig manure samples (4 replicates) of 5 % dry substance were transferred to 300-mL Erlen-
meyer flasks and then spiked with the target compounds at 100 µg/kg fresh manure. These 
samples were frozen at -20 ºC for 8 h and then lyophilized at -50 ºC and <1 Pa for 18-24 h. 
Lyophilized samples were extracted using methanol and rinsed twice as described for direct 
solvent extraction. The samples were shaken on a horizontal shaker (Type 3020, Gesell-
schaft für Labortechnik, Burgwedel, Germany) at 220 rpm overnight and rinsed twice by 
shaking with 100 mL methanol for 60 min and finally with 50 mL for 30 min. The supernatants 
were decanted and filtered using the folded filter papers with anhydrous sodium sulfate. For 
minimizing loss of the analytes, both collecting flasks and filter papers with sodium sulfate 
were rinsed with 25 mL methanol.  
The extracts were rotary evaporated nearly to dryness. Afterwards, the residues were re-
dissolved in 10 mL methanol and filtered using 0.2-µm polyester syringe filters and cleaned-
up. Then, 7 µL of these solutions were injected into LC/MS/MS. Additionally, different sol-
vents such as ethyl acetate, acetonitrile and acetone were tested to evaluate their extraction 
efficiencies. 
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Further rinsing for already extracted samples were carried out in 3 consecutive steps after 
entire extraction procedure as detailed before to ensure that exhaustive extraction was 
achieved by the first three extraction cycles. Different spiking levels were used to test the 
extraction efficiency of the purposed method. The lyophilized samples were spiked with the 
analytes mixture at 4, 10, 50 and 100 µg/kg fresh manure.  
 
 
3.4.2.3 Ultrasound-assisted solvent extraction 
 
Direct solvent extraction of liquid pig manure 
Four samples, each one of 50 g reference manure, were transferred into screw-top Teflon 
covered centrifuge tubes and spiked with the target compounds at 100 µg/kg fresh manure. 
The centrifuge tubes were manually shaken for 1 min. The samples were acidified using 0.25 
mL formic acid (pH 4.4) and sonicated (2020/240 W HF power at 35 kHz-Sonarex RK  5125; 
Bandelin electric, Berlin, Germany) for 10 min. These samples were centrifuged at 4000 rpm 
for 15 min (Megafuge 1.0; Heraeus Instruments, Hanau, Germany). The aqueous phases 
were decanted and filtrated through 0.6-µm glass fiber filters. The manure samples were 
rinsed 3 additional times with 50 mL deionized water acidified with formic acid to finally re-
ceive 200-mL aqueous extracts. After homogenization by manual shaking, 50 mL of collected 
aqueous phases were further diluted to 200 mL using acidified deionized water and extracted 
using SDB 1 cartridges. The SPE cartridges were conditioned prior to sample extraction with 
5 mL methanol and equilibrated with 10 mL acidified deionized water. Aqueous manure ex-
tracts (200 mL) were adjusted to pH 2.3 with formic acid and enriched on SDB 1 cartridges. 
The samples were forced through the SPE cartridges at a flow rate of 3-4 mL/min. Subse-
quently, the loaded cartridges were rinsed by 5 mL deionized water, dried under low pres-
sure for 10-15 min and finally eluted with 2 x 5 mL methanol.  
The eluates were evaporated nearly to dryness, re-dissolved in methanol, and then 7 µl of 
these solutions were injected into LC/MS/MS. Additionally, the solids were preconditioned by 
freezing at -20 ºC, lyophilized for 4 h and extracted using methanol as extractant and cleaned 
by size exclusion chromatography only because these manure samples were already 
washed 4 times so the final extracts were relatively clean. Finally, 7 µL of these solutions 
were injected into LC/MS/MS. 
 
Liquid-solid extraction after lyophilization 
Eight lyophilized samples, each one contained 2.5 g of dry substance, were used to check 
the efficiency of this technique to extract the target compounds from lyophilized manure 
samples. Four samples (S1, S2, S3 and S4) were spiked with the target compounds at 100 
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µg/kg fresh manure prior to lyophilization. The spiked and unspiked samples (B1, B2, B3 and 
B4) were extracted 1 time followed by 3 successive rinsing steps. 5 mL ammonia/ammonium 
chloride buffer were added to each sample. The samples were vigorously shaken and ultra-
sonicated with 100 mL ethyl acetate/methanol mixture (1:4 v/v) for 30 min. The organic 
phases were transferred into round bottom flasks using folded filter papers (MN615 ¼. 150 
mm; Macherey-Nagel, Germany) and the extraction procedure was followed by rinsing 3 
times, each one with 50 mL for 15 min. 
The combined extracts were filtered and both collecting flasks and filter papers with sodium 
sulfate were rinsed with 25 mL of the extracting solvent. At this step, B1 and B2 were spiked. 
Thereafter, raw extracts were rotary evaporated nearly to dryness. The residue were re-
constituted in 10 mL methanol and filtered using 0.2-µm polyester syringe filter and then fi-
nally cleaned-up. After the clean-up procedures, B3 and B4 were spiked. Finally, 7 µL of 
these solutions were injected into LC/MS/MS. The efficiency of proposed extraction proce-
dure was tested at different spiking levels, e g., 4, 50 and 100 µg/kg fresh manure.  
Number of extraction cycles required to achieve exhaustive extraction procedure was tested. 
Six liquid manure samples, each one contained 2.5 g dry substance, were filled in 300-mL 
Erlenmeyer flasks. Four samples were spiked with the target compounds at 100 µg/kg fresh 
manure, whereas the other two were left unspiked. All samples were frozen at -20 C for 8 h 
and lyophilized at -50 C for 24 h. Two spiked samples were vigorously shaken with 100 mL 
ethyl acetate and methanol mixture (4:1, v/v) for 2 min and ultrasonicated for 15 min. The 
organic phases were transferred into round bottom flasks, rotary evaporated and cleaned-up. 
Finally, 7 µL were injected into LC/MS/MS.  
The extraction procedure was followed by 5 rinsing steps, where the already extracted sam-
ples were ultrasonicated with 50 mL solvent mixture for 15 min. The obtained organic phases 
were separately kept after every step, rotary evaporated and cleaned-up. Finally, 7 µL were 
injected into LC/MS/MS. Only organic phases of step 5 and 6, subsequently, they were com-
bined before analysis. The other two spiked and two unspiked samples were extracted in 4 
steps, first was ultrasonication with 100 mL of solvent mixture for 15 min and then 3 rinsing 
steps via ultrasonication with 50 mL for 15 min. The organic phases of the 4 steps of each 
sample were combined rotary evaporated, cleaned-up and Finally, LC/MS/MS analyzed. The 
unspiked samples were spiked before the clean-up procedure with the target compounds at 
the same concentration. Number of extraction cycles was established by comparing the re-
covery of each extraction cycle and recovery obtained by 4 extraction cycles  or the recovery 
of zero samples spiked after extraction but before the clean-up procedure. 
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3.4.3 Soil and manured soil samples 
 
3.4.3.1 Direct solvent extraction 
 
Soil samples 
To efficiently extract the target compounds from soil samples, several series of fortification 
experiments were carried out using 2 differently textured soil samples, i.e., sand and clay 
soil.  Extraction procedures were conducted using different solvents. Four replicates, each 
one contained 50 g soil samples, were spiked with the target compounds at 100 µg/kg fresh 
soil. Soil samples were mixed well using a spatula and left for 1 h until the solvent was eva-
porated. 5 mL ammonia/ammonium chloride buffer were added to the spiked samples direct-
ly before extraction. The samples were shaken with 100 mL of the extracting solvent (or sol-
vent combination) in 300-mL Erlenmeyer flasks using a horizontal shaker (Type 3020; Ge-
sellschaft für Labortechnik, Burgwedel, Germany) at 250 rpm overnight. The organic phases 
were transferred into round bottom flasks using folded filter papers (Macherey-Nagel, Düren, 
Germany). These samples were rinsed 2 additional times with 100 mL of the solvents. The 
shaking times were, 2 h and 1 h, respectively. The combined extracts were filtered using the 
same folded filter papers with higher amounts of anhydrous sodium sulfate. For minimizing 
the losses during this procedure, both collecting flasks and filter papers with sodium sulfate 
were rinsed with 25 mL of extracting solvents. The extracts were rotary evaporated nearly to 
dryness and the remaining solvents were further evaporated under a gentle nitrogen stream. 
The extract residues were re-dissolved in 10 mL methanol and microfiltered through 0.2-µm 
polyester filter into 10 mL volumetric flasks. The raw extracts were cleaned-up using SEC 
and SPE and finally 7 µL were injected into LC/MS/MS.  
For the solvent selection, different solvents and some of their combinations including metha-
nol, acetonitrile, acetone, ethyl acetate, methanol/ethyl acetate mixture at ratios of 1:1 or 1:4 
(v/v) and  an acetone/ethyl acetate mixture (1:4 v/v) were tested at original pH values of the 
samples. The effect of pH on the extraction of target compounds was tested as well. The 
efficiency of ethyl acetate, acetone and ethyl acetate (1:4 v/v) and methanol/ethyl acetate 
mixture (1:4 v/v) to extract the target compounds at alkaline condition were checked. pH ad-
justment was performed by adding 35 mL ammonia/ammonium chloride buffer using ethyl 
acetate or 5 mL in case of the solvent mixtures. Another series was extracted at acidic condi-
tions using 0.5 mL formic acid and the latter solvent mixture.  
For solvent selection in case of clay soil, methanol, acetone, ethyl acetate were tested for 
analytes extraction at original pH. The efficiency of methanol/ethyl acetate mixture (1:4 v/v) 
to extract the target compounds spiked at 2, 4, 40 and 100 µg/kg for sand soil and at 4, 40, 
and 100 µg/kg for clay soil were investigated at alkaline pH.  
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Manured soil samples 
Four replicates, each one contains 10 g pig excrement (11.1 % ds), were weighed in 300-mL 
Erlenmeyer flasks. They were spiked with the target compounds at 100 µg/kg and manually 
shaken for 30 s. Then, 50 g sieved (2 mm) soil samples were added and mixed well using a 
spatula. 5 mL ammonia /ammonium chloride buffer were added.  
These samples were shaken with 100 mL methanol/ethyl acetate mixture (1:4) overnight. 
After removal of the organic phases using folded filter papers, the extracted samples were 
rinsed twice with 100 mL of solvent mixture by shaking at 250 rpm for 2 h and 1 h, respec-
tively. These samples were rinsed again 2 additional times with 100 mL of solvent mixture for 
2 h and 1 h, respectively, to test the exhaustive power of the extraction procedure. Based on 
these 5 steps, the number of extraction cycles which are required for efficient extraction was 
defined. 
The combined extracts were filtered using folded filter papers with anhydrous sodium sulfate. 
Flasks and filter papers with sodium sulfate were rinsed with 25 mL of the solvent. The ex-
tracts were rotary evaporated nearly to dryness and the remaining solvents were further eva-
porated under a gentle nitrogen stream. The obtained residues were re-dissolved in 10 mL 
methanol and filtered through 0.2-µm polyester filters into 10-mL volumetric flasks. The raw 
extracts were cleaned-up using SEC and SPE. 7 µL were injected into LC/MS/MS. Efficiency 
of the extraction procedure was tested using different spiking levels of the analytes. The ana-
lytes were spiked into manured sand soil at 2, 10, 50, and 100 µg/kg and at 2 and 100 µg/kg 
into manured clay soil. The spiked concentration of the chloro-analogue of flubendazole used 
as the internal standard was 8 µg/kg.  
 
 
3.4.3.2 Ultrasound-assisted extraction  
 
The second extraction technique was checked only for manures soil samples. Four repli-
cates, each containing 10 g of homogenized manure sample, were weighed in 300-mL Er-
lenmeyer flasks. They were spiked with the target compounds at 100 µg/kg and manually 
shaken for 30 s. Then, 50 g of sieved (2 mm) soil samples were added and mixed well using 
a spatula. The spiked samples were buffered by adding 5 mL of ammonia/ammonium chlo-
ride buffer. Manured soil samples were mixed again using a spatula. After standing for 1 h, 
100 mL methanol/ethyl acetate mixture (1:4) were added to the buffered samples and then 
sonicated for 30 min. The extracted samples were rinsed two times with 100 mL of the sol-
vent mixture for 15 min. The extracts from all cycles for a given sample were combined, rota-
ry evaporated, cleaned up and finally measured using LC/MS/MS. The efficiency of the ex-
traction procedure was investigated at different spiking levels. The spiking concentrations 
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were 2, 10, and 100 µg/kg for manured sand soil, while 2 and 50 µg/kg for manured clay soil. 
The spiking concentration of the internal standard was 8 µg/kg.  
 
 
3.5 Clean-up procedures 
 
The clean-up procedure for the raw extracts is a critical step with relevant impacts on the 
subsequent analytical process, especially when LC/MS/MS with electrospray ionization (ESI) 
is applied for analysis of environmental samples of high complexity and variability. The matrix 
components in manure, soil and manured soil samples can cause unpredicted effects on the 
responses of target compounds. Therefore, sophisticated clean-up procedures are needed to 
enhance the analytical quality. Two steps were used to clean-up the raw extracts, i.e., size 
exclusion chromatography (SEC) followed by solid phase extraction (SPE). Additionally, the 
efficiency of n-hexane for lipid removal from manure samples was also tested. 
 
 
3.5.1 Size exclusion chromatography  
 
Size exclusion chromatography (SEC) was applied in order to remove co-extractants of 
higher molecular weight substances such as humic and fulvic acids from liquid manure and 
soil samples. For this purpose, the Gilson GPC unit was used. This system consisted of iso-
cratic medium pressure pump model 302, fraction collector model 201 (Gilson, Düsseldorf, 
Germany) and glass column filled with Sephadex (58 cm length, 25.4 cm i.d.; Latek, Eppel-
heim, Germany). 5 mL of micro-filtered methanolic raw extracts were manually injected using 
a 10-mL syringe (Hamilton, Reno, NV, USA). First, methanol acidified with 0.01 M acetic acid 
was used as a mobile phase with a flow rate 5 mL/min. The injection volume was 5 mL. The 
fractions were collected at 25 min for the waste fraction, 50 min for the analyte fraction and 
finally 13.5 min for rinsing. The analytes fractions (225 mL) were rotary evaporated nearly to 
dryness. Additionally, pure methanol was also tested as the mobile phase. 
 
 
3.5.2 Solid phase extraction  
 
For additional clean-up, solid phase extraction (SPE) was applied using two different car-
tridges, e.g., SDB1 (200 mg, 6 mL; Mallinckrodt Baker, Griesheim, Germany) and Oasis HLB 
(60 mg, 3 mL, Water, Millford, MA, USA). 5 mL of the extracts obtained from the first clean-
up step, were diluted with 200 mL deionized water. The SPE cartridges were conditioned 
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prior to sample extraction with 5 mL methanol and equilibrated with 10 mL of acidified deio-
nized water. The diluted extracts (200 mL) were adjusted to pH 2.3 with formic acid, ultraso-
nicated for 1 min, filtered with 0.6-µm glass fiber filters and then finally enriched in the car-
tridges. The samples were passed through the SPE cartridges at a flow rate of 4 mL/min. 
The cartridges were washed by 5 mL deionized water and dried under low pressure for 10-15 
min. The dried cartridges were eluted with 2 x 5 mL methanol. The eluates were evaporated 
nearly to dryness under a gentle nitrogen stream and reconstituted to the final volume of me-
thanol. 1-mL aliquots of these eluates were transferred to 1.5-mL autosampler vials for 
LC/MS/MS analysis. Different eluents were tested for the analyte elution step, e.g., acetoni-
trile and ethyl acetate. Furthermore, the effects of the filtration process using 0.6-µm glass 
fiber filter and addition of NaCl (5 g) during this step were tested as well. 
 
 
3.5.3 Lipid removal using n-hexane 
 
In several studies, n-hexane was described as efficient methods to remove the lipids from, 
e.g., manure samples (Pfeifer et al., 2002; Su et al., 2004). Thus, the efficiency of n-hexane 
to remove the lipid and its effect on the recovery of the target compounds was tested in two 
series. First, SPE cartridges were washed with 10 mL n-hexane prior to the elution step. 
Second, lyophilized samples were rinsed by shaking with 100 mL n-hexane. For this pur-
pose, 4 lyophilized manure samples were prepared. Two spiked samples with the target 
compounds at 100 µg/kg fresh manure (S1 and S2) and two unspiked (B2 and B2), were 
treated with 100 mL n-hexane. The samples were shaken on a horizontal shaker at 220 rpm 
for 5 h. The n-hexane phases were decanted, rotary evaporated, cleaned-up and finally ana-
lyzed using LC/MS/MS. Thereafter, the solid parts were extracted by methanol as described 
in detail in section 3.4.2.2. The raw extracts of unspiked samples were spiked with target 
compounds at the same concentration. Finally, extracts were cleaned by SEC. The mean 
recoveries of the samples spiked before rinsing were then compared with the recovery of the 
samples spiked after extraction but before clean-up procedure.  
 
 
3.6 High-performance liquid chromatography with variable wavelength detection 
 
3.6.1 Theoretical aspects 
 
High-performance liquid chromatography (HPLC) is used to separate mixtures of organic 
compounds into their individual components based on partitioning between two phases re-
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ferred to mobile phase and stationary phase. HPLC is suitable for analysis of micro and ma-
cro molecules, thermally labile, thermally stable and hydrophilic compounds mainly without 
any need for derivatization. Since, the pharmaceutical compounds have been considered as 
a new group of contaminants, HPLC has become the backbone of environmental analysis. 
Thus, reversed phase (RP) HPLC, defined by a non-polar column in combination with polar 
solvents, was used to analyze two polar compounds and eight of their corresponding highly 
polar metabolites. Different detectors are coupled with HPLC instruments, e.g., variable wa-
velength (UVD), and diode array (DAD) and mass selective detectors. 
 
 
3.6.2 Operational conditions 
 
Preliminary, HPLC/UVD and HPLC/DAD were applied in order to study the chromatographic 
behavior of the compounds under study. For this purpose, all HPLC runs in preliminary expe-
riments were carried out using an HPLC system with column oven, auto-sampler at ambient 
temperature, binary pump and a variable wavelength detector (UVD) (HP 1050 Series; Agi-
lent, Waldbronn, Germany). Additionally, an HPLC system, Agilent 1100 series HPLC-
system (Agilent Technologies, Waldbronn, Germany) equipped with a binary pump, column 
thermostat, thermostated autosampler, vacuum degasser system and photodiode-array 
(DAD) detector controlled by an HP ChemStation was also used to obtain the absorption 
spectra for target compounds with wavelength ranging from λ = 200 to 400 nm. Chromato-
graphic separation was performed on the reversed phase column Eclipse XDB (150 mm x 
4.6 mm, 5 μm; Agilent Technologies, Santa Clara CA, USA). Eluents were consisted of two 
mobile phases. Phase (A) consisted of 0.5 % formic acid in water, while phase B consisted of 
0.5 % of formic acid in water and acetonitrile (25:75 v/v). The flow rate was 1 mL /min and 
the injection volume was 10 µL. The gradient started at 10 % B, increased to 24 % by 25 
min, 35 % by 45 min, 100 % by 50 min and then decreased to 10 % by 52 min. The column 
re-equilibrated for 5 min before the next injection. The HPLC system was operated at differ-
ent wavelengths. Finally, λ = 280 nm was selected. All compounds were dissolved in metha-
nol and separated in one single gradient run. 
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3.7 High-performance liquid chromatography with tandem mass spectrometry 
 
3.7.1 Theoretical aspects 
 
High-performance liquid chromatography coupled with mass spectrometer (LC/MS/MS) is a 
powerful tool that can be used to quantify and to verify the identity of chemical compounds 
even at low concentration in complex and heterogeneous sample matrices. In addition to 
sample introduction systems such as HLPC, ion source, mass analyzer and detector are the 
main components of the mass spectrometry as illustrated in Figure 3.1. 
 
 
Figure 3.1: Assembly of a triple stage quadrupole mass spectrometer where the linear ion 
trap mass spectrometer was created using either q2 or Q3 in 4000 QTRAP (according to 
Hager, 2002; Müller, 2004 and AB Sciex, 2009). 
 
3.7.1.1 Ion sources  
 
The ion source is one of the most critical part of the mass spectrometer. Three ion sources, 
e.g., electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI) and at-
mospheric pressure photoionization sources (APPI) are available and widely used in the 
LC/MS/MS systems. The selection of the used ion source is depending on the physicochem-
ical properties of the analytes and matrices under study.  
For analytes of intermediate to high polarity and molecular weight, ions are produced under 
atmospheric pressure (API) using ESI or APCI. ESI is the softest and most usual ionization 
technique. In ESI, solvent containing analytes are forced through a capillary needle at optim-
al flow rate. The needle is subjected to a high voltage in positive or negative mode based on 
the chemical characteristics of the compounds under study. The droplets containing analytes 
are produced at the tip of the capillary and assisted by the nebulizing gas. Based on the po-
larity of the voltage applied onto the needle, positive or negative charged droplets are pro-
duced. During liquid phase ionization, these charged droplets are subjected to successive 
Detector 
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evaporation. The ionization is supported by the heated drying gas. Due to solvent evapora-
tion, these droplets are shrinking to give fine droplets containing higher numbers of charged 
molecules. When the charge density at the surface of the droplets reached the Rayleigh limit, 
an electric repulsion force, namely columb explosion, can overcome the surface tension 
force of the very fine droplets. This process is repeated until the molecular ions are released 
and enter the mass analyzer. At this time, the curtain gas that flows between the orifice and 
the curtain plate prevents the solvent droplets from entering the quadrupole system in order 
to keep it clean (Figure 3.2). Positive ions are formed, such as precursor ion [M+H]+ and 
[M+Na]+ adducts when a positive voltage is applied onto the capillary. In the negative-ion 
mode, [M-H]- is the mainly produced ion (Griffiths et al., 2001; Stroobant and Hoffmann, 
2007). 
 
 
Figure 3.2: Ion source and ion formation in electrospray ionization (ESI) (according to Grif-
fiths, 2001; Müller, 2004 and AB Sciex, 2009). 
 
In contrast to ESI, APCI is suitable for small, relatively non polar and thermostable mole-
cules. Liquid samples, introduced via HPLC, pass through a heated needle causing a disper-
sion of these samples. No voltage is applied onto the capillary. Vaporizing heater blocks 
around the needle assists to evaporate the mobile phase containing analytes in the heated 
chamber at 400 °C. Drying gas flow combined with the heat of heater blocks, complete the 
vaporization process and produce clouds of solvent and intact analyte molecules. The ioniza-
tion process starts when the gas molecules of nitrogen and oxygen are exposed to the coro-
na needle, where a current up to 5 µA is applied creating a stream of electrons that serve to 
Atmospheric Pressure 
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ionize the solvent of the mobile phase. Charges are transferred to the solvent molecules, 
e.g., water, methanol or acetonitrile, and then finally to analyte molecules in the gas phase. 
This gas phase ionization is described in the next equations. The protonated species, e.g., 
CH3OH2+ and H3O+ which are present in the vapor state transfer protons to the analytes that 
are present in the vaporized state according to their proton affinity (Edward and Henion, 
1998). Figure 3.3 shows the principle of the ionization process using an APCI source.   
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Figure 3.3: Ion formation mechanisms in atmospheric pressure chemical ionization (APCI) 
(according to Edward and Henion, 1998; Müller, 2004 and AB Sciex, 2009). 
 
Based on the chemical properties of the analyte, sensitivity of the analyte signal and applica-
tion (matrix), one of the above ion sources can be selected. Table 3.3 shows a comparison 
between ESI and APCI. 
 
 
 
Atmospheric Pressure 
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Table 3.3: Characteristics of electrospray (ESI) and atmospheric pressure chemical ioniza-
tion (APCI) (Bruins, 1994; Thurman et al., 2001; Liang et al., 2003; Mallet et al., 2004; 
Souverain et al., 2004). 
 
 ESI APCI 
Similarities - ionization under atmospheric 
pressure.  
- softest ionization mode. 
- ionization under atmospheric 
pressure. 
- soft ionization mode. 
Differences - suitable for low and high  
masses, polar and highly  
polar and thermolabile  
analytes. 
- liquid  phase ionization. 
- compatible with flow rates from 
5 µL to 2 mL.  
- suitable for small masses, vola-
tile, polar, relatively non polar 
and thermostable analytes. 
 
- gas phase ionization. 
- compatible with flow rates  
from 200 µL to 2 mL. 
Disadvantages 
Matrix effect 
 
Adduct and cluster 
formation 
 
- signal suppression or 
enhancement.   
- adducts  could be formed, e g., 
[M+NH4]+,  [M+Na]+ and  
[M+K]+. 
 
- slight effects.  
 
- clusters or dimmers could be 
formed, e. g., [M+CH3OHH]+, 
[M+CH3CNH]+ and  [M+M+H]+. 
 
 
3.7.1.2 Mass analyzer 
 
Triple quadrupole (QqQ) and 3D-ion trap (IT) systems are the most frequently used mass 
analyzers. The first one is preferably applied for target compound analysis operating in mul-
tiple reaction monitoring mode (MRM). Due to its high selectivity corresponding to high sensi-
tivity, VMP in complex sample matrices at low µg/kg concentrations can be determined. Due 
to the opportunity of carrying out MSn experiments, the 3D-ion trap is preferably applied for 
screening analysis of unknown analytes. Both advantages are combined with the 
4000QTRAP instrument (AB Sciex, Darmstadt, Germany) applicable as a triple stage qua-
drupole instrument, additionally equipped with linear ion trap. The quadrupole mass spec-
trometer consists of an ion source (ESI and/or APCI) and a mass filter consisting of four pa-
rallel metal rods arranged as in the Figure 3.2. Each two opposite rods have an applied di-
rect-current of positive charge and the other two are connected to the negative end. Due to 
this hybrid design, several scans can be achieved, some are available in the triple quadru-
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pole mode and the others are available in the ion trap mode. In the triple quadrupole mass 
analyzer both Q1 and Q3 are considered as mass filters, while q2 is the collision cell for 
fragmentation of precursor ions to form the corresponding product ions.  
Precursor ions are separated by the mass analyzer (Q) according to mass (m) per charge (z) 
ratio (m/z). This ratio is usually equal m because z equals 1 at low mass range < 1000 Da  
(Stroobant and Hoffmann, 2007). A combination of direct current (DC) and radio frequency 
(RF) voltages are applied onto the mass filter and allows the entire mass range to be 
scanned in full scan modes by first mass analyzer (Q1) in the triple quadrupole instrument or 
by the second mass analyzer (Q3). Moreover, Q1 scan can be fixed to select one precursor 
ion as in multiple ion scan. 
The mass analyzer can be fixed at specific masses, e.g., product ion scans (PI) in which the 
Q1 is fixed at specific precursor ions. The isolated precursor ion collides with target gas in q2 
at specific collision energy producing fragments. After fragmentation, the Q3 allows trans-
mission of all product ions based on m/z. Finally, product ion spectra are recorded. Mass 
spectra are the outcomes where mass intensity is plotted versus m/z ratio. The ions which 
are selected by Q1 (MS scan) are referred as the parent or precursor ions. The ions which 
are produced in q2 and selected by Q3 (MS/MS) are referred as the daughter or product 
ions. 
Multiple reaction monitoring (MRM) methods are based on the output of the two aforemen-
tioned scans. Specific precursor ion or ions formed in ion source (ESI or APCI) are selected 
by Q1 under control of the applied DC and RF. At specific values of the DC and RF, one 
mass is stable and successfully travels through Q1 and the others are unstable and they will 
be lost (March, 1997) (Figure 3.4). The selected ions are accelerated into the linear accele-
rating collision cell (LINAC, q2), where they collide with neutral gas (nitrogen) to produce 
characteristic fragments (PI) based on applied collision energy (CE) and pressure of collision 
activated dissociation gas (CAD). Further selection for specific fragments is achieved by Q3. 
The more specific ions with highest intensities are usually used to build efficient MRM me-
thods.  
More information for structural characterization could be obtained when Q3 is operated as 
ion trap, where the ions are trapped and stored to increase the sensitivity as present in en-
hanced mass scan (EMS) and enhanced product ion scan (EPI) or to increase selectivity by 
MS3 scan by production highly specific granddaughters ions. Table 3.4 represents the used 
scan types in triple quadrupole mode within this method development. 
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Table 3.4: Applied scan types in the method development using the 4000QTRAP LC/MS/MS 
system (according to Müller, 2004; Stroobant and Hoffmann, 2007 and AB Sciex, 2009). 
 
Scan type and its application Q1            q2           Q3 
Full scan (Q1 or MS): Used to check the presence 
of precursor ions of target compounds as the first 
step to build MRM for quantitation purposes.    
            Scan                NF 
Full scan (Q3 or MS): Used to check the presence 
of precursor ions of target compounds for quantita-
tion purposes.   
                    NF                Scan 
Multiple ion scan: Used to check the presence of 
precursor ions of the target compounds during ma-
nual compound optimization for qualitative purpos-
es.  
 
       Selected m/z        NF 
Product ions scan (PI): Full scan for all the frag-
ments of selected compounds. It is considered as 
second step to build MRM for quantitation purpos-
es. 
 
      Selected m/z           Frag.                 Scan 
Multiple reaction monitoring (MRM): Precursor ions 
are selected by Q1, fragmented in q2 and then 
specific fragments are selected by Q3 for the iden-
tification and quantitation of the target compounds 
 
      Selected m/z          Frag.         Selected m/z 
(Precursor)                                 (product) 
  Frag. = Fragmentation, NF= No fragmentation  
 
EPI is considered as full scan mode and used to detect all the fragments of selected com-
pounds but with higher sensitivity than normal PI. This is based on fill time when Q3 is oper-
ated in the trap mode. The latter was combined as dependent scan with MRM scan as full 
scan to confirm the positive results using Information Dependent Acquisition (IDA) option, 
where in the 4000QTRAP IDA method enables the mass spectrometer to switch between 
different modes within one run. 
 
MATERIALS AND METHODS 
 50
 
 
Figure 3.4: Mathieu stabilty diagram where each quadrupole acts as mass filter based on 
constant ratio of direct current (DC) and radio frequency (RF)  (according to March and 
TODD, 2005; Stroobant and Hoffmann, 2007). 
 
 
3.7.1.3 Detectors 
 
In mass spectrometry, the secondary electron multiplier (SEM) is the most frequently used 
ion detector today (March and TODD, 2005; Stroobant and Hoffmann, 2007). SEM usually 
consists of a sequence of 12 to 20 dynodes held at decreasing negative potentials through a 
sequence of resistors. It is usually made from copper/beryllium alloy which has a high effi-
ciency to emit secondary electrons. When the detected compounds are in the positive mode, 
a high voltage from -3 to -30 kV is applied on the first dynode, i.e., the conversion dynode, 
whereas the output of the multiplier remains at ground potential. Each dynode is held at a 
lower negative potential than the previous one to accelerate the ion movement. After exit, the 
ions from the mass analyzer, the energetic ions strike the surface of conversion dynode, 
where several secondary electrons are released. These secondary electrons are reflected to 
opposite direction to hit the inner surface of the next dynode causing the emission of more 
electrons. This process is repeated several times to cause an amplification of resulting elec-
trons. Finally, this continuous flow of the electron current is amplified to certain factor equal 
to the number of present dynodes. Figure 3.5 shows the principle of the ion detection by an 
electron multiplier detector.  
A horn-shaped channel electron multiplier (CEM) is the common version of the SEM used in 
4000 QTRAP mass spectrometers. The latter is more compact and produce more sensitivity 
RF 
RF/DC DC 
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than the others equal  108 because it consisted of continuous dynodes instead of separate 
dynode in a normal SEM. 
 
 
Figure 3.5: Principle of ion detection by an electron multiplier detector (according to 
Stroobant and Hoffmann, 2007). 
 
 
3.7.2 Operational conditions 
 
3.7.2.1 Instrument properties 
 
Based on the chromatographic conditions of HPLC/UVD experiments, the LC//MS/MS me-
thod was developed for water analysis. The flow rate was again 1 mL/min and the injection 
volume was 10 µL using the same gradient and the mobile phases as mentioned in section 
3.6.2. Within the method advancement, a new gradient was established by mixing another 
two mobile phases. Mobile phase A consisted of 10 % acetonitrile in water (v/v) with 0.01% 
formic acid while phase B consisted of pure acetonitrile. The gradient started at 10 % B, in-
creased to 24 % by 25 min, increased to 100 % by 35 min and then kept isocratic with 100 % 
B by 40 min. Finally, B decreased to 10 % by 42.5 min and kept isocratic with 10 % B by 47.5 
min. The stop time was 47.5 min. The flow rate was 1 mL/min. 7 µL were used during analy-
sis of the target compounds in the matrices under study. Using these chromatographic condi-
tions, different parameters, e.g., injection volumes, different temperatures and flow rates 
were tested. The column was rinsed every day after the sample measurement at least 30 
minutes with acetonitrile. Instead of acetonitrile, methanol was tested for target compound 
separation under the mentioned chromatographic conditions. The separation conditions us-
ing LC/MS/MS are given in Table 3.5. 
 
Q3 
Output current  
(measurement) 
Accelerating potential  
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Table 3.5:  Chromatographic conditions used in LC/MS/MS methods. 
 
Column C18 Zorbax Eclipse endcapped XDB column 
(150 mm x 4.6 mm, 5µm). 
Eluent 1 A: 0.01% of formic acid in a mixture of water 
and methanol (90:10, v/v). 
B: methanol. 
Eluent 2                 A: 0.01% of formic acid in a mixture of water 
and acetonitrile (90:10, v/v). 
B: acetonitrile. 
Gradient Step            Time         Eluent A [%[ 
1                 0.0                90 
2               25.0                76 
3               35.0                00 
4               40.0                00 
5               42.5                90 
6               47.5                90 
Flow rate 1 mL/min 
Column tempera-
ture 
23 °C 
Injection volume    7 μL 
 
LC/MS/MS analysis was performed using a system consisted of an Agilent 1200 SL Series 
liquid chromatography including a vacuum degasser, a binary pump SL, and  high perfor-
mance auto-sampler SL (Agilent Technologies, Waldbronn, Germany). This sample introduc-
ing system coupled to an AB SCIEX 4000 QTRAP tandem mass spectrometer (Darmstadt, 
Germany) equipped with an electrospray ionization interface (ESI; Turbo VTM source). The 
LC/MS/MS system was controlled and data were evaluated by Analyst software (version 
1.5).  
 
 
3.7.2.2 Method optimization 
 
To create MRM methods for LC/MS/MS analysis, several parameters had to be optimized. 
These parameters classified into two categories. Parameters which are depending on chemi-
cal properties of the analytes and defined as compound dependent parameters. Ion source 
parameters are depending on the flow rate in the chromatographic method. The compound 
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and ion source parameters were optimized by infusion and flow injection analysis (FIA-
MS/MS), respectively. 
The main compound dependent parameters, i.e., entrance potential (EP), collision cell exit 
potential (CXP), declustering potential (DP), collision energy (CE) and collision gas (CAD) 
have to be checked by infusion optimization. For this purpose, the individual solutions of tar-
get compounds were continuously infused into the interface of the ion trap tandem mass 
spectrometer. Methanolic solutions with different concentrations according to the sensitivity 
of the target compounds were used. These solutions were introduced into the ion source via 
an integrated syringe pump (Harvard Apparatus 22, South Natick, MA, USA). The flow rate 
was 10 and 20 µL/min for ESI and APCI, respectively. The concentrations of the standard 
solution ranged from 10 to 100 ng/mL. Finally, initial MRM methods containing compound 
dependent parameters were individually created for each compound. All of these methods for 
different compounds were merged in one method to optimize ion source parameters. Precur-
sor ions, MRM transitions for quantifier and qualifier ions and selected setting parameters 
including declustering potential (DP), collision energy (CE), entrance potential (EP) and colli-
sion cell exit potential (CXP) in positive and negative ionization modes are listed in Table 3.6 
and 3.7. 
Flow injection analysis (FIA) was applied to optimize instrument parameters. For this pur-
pose, methanolic standard solutions of target compounds were mixed with the mentioned 
mobile phase A/B at a 65:35 ratio through the peak for tuning, using the pump, autosampler 
and the mass spectrometer. The system operated in isocratic mode to optimize the ion 
source parameters. The flow rate was 1 mL/min and injection volume was 10 µL. 
First, ion source parameters including, curtain gas (CUR), source temperature, nebulizing 
gas (GS1), desolvation gas (GS2), collision gas (CAD), ion source voltage (IS) and interface 
(Ihe) were optimized using the initial MRM method and ESI interface. The same parameters 
were optimized as well as needle current (NC) using initial MRM method and APCI interface. 
The values of ion source operational parameters using ESI and APCI interfaces are listed in 
Table 3.8. 
Q1 scan was used to acquire and record precursor ion mass spectra for each compound 
individually using ESI and APCI in positive and negative ionization mode. Product ions mass 
spectra were also recorded in negative and positive ion mode. 
Based on the two above mentioned scans where the base peak ions were selected as quan-
tifier ions and the next ones with highest intensities were selected as qualifier ions. Thus, the 
individual MRM methods were built. Finally, all of these MRM methods were merged in final 
multi-component MRM method. Using the same chromatographic conditions, all compounds 
were measured in positive and negative ion modes using LC/MS/MS/MRM with ESI. The 
response of target compounds using APCI was also evaluated.  
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Table 3.6: MS/MS parameters of positive ion mode using electrospray (ESI) and atmospheric pressure chemical ionization (APCI) interfaces. 
 
Analytes MW 
[g mol-1] 
[M+H]+ 
[amu] 
Ion 1 
[amu] 
Ion 2 
[amu] 
DP CE 
Ion 1         Ion 2 
EP CXP 
Ion 1         Ion 2 
FEN  299.0 300.0 268.0 159.0   91 37 51 10 18 10 
FEN-SO  315.2 316.2 159.0 191.1   86 51 33 10 10 12 
FEN-OSO  331.2 332.2 300.2 159.2   96 33 53 10 20 10 
FLU  313.0 314.0 281.8   95.2   86 33 73 10   6 16 
FLU-M1  315.3 316.3 284.0   97.2   96 33 57 10   6   6 
FLU-M2  255.2 256.2 123.0   95.0 101 61 61 10   4   4 
FLU-M3  257.2 258.2 240.3 134.2 111 41 39 10 16   8 
FLU-M4  271.2 272.2 148.2   97.2 116 39 47 10   8   6 
FLU-M5  240.2 241.2 123.0   95.0   81 61 61 10 18 18 
FLU-M6  256.2 257.2 123.3   95.0   86 33 43 10   6 16 
IS 329.1 330.1 298.0 139.0   86 31 53 10 20   8 
             MW = Molecular weight, amu = Atomic mass unit, DP = Declustering potential, CE = Collision energy, CXP = collision cell 
             exit potential, EP = Entrance potential 
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Table 3.7: MS/MS parameters of negative ion mode using electrospray (ESI) and atmospheric pressure chemical ionization (APCI) interfaces. 
 
Analytes  MW 
[g mol-1] 
[M+H]- 
[amu] 
Ion 1 
[amu] 
Ion 2 
[amu] 
DP CE 
Ion 1         Ion 2 
EP CXP 
Ion 1         Ion 2 
FEN  299.0 298.0 266.1 189.0   -85 -26   -44 -10 -15 -15 
FEN-SO  315.2 314.0 205.0 157.0   -80 -36   -64 -10 -11 -11 
FEN-OSO  331.2 330.0 298.1 157.1 -140 -34   -56 -10   -5   -1 
FLU  313.0 312.0 280.0 157.0   -26 -60   -45 -10   -7 -11 
FLU-M1  315.3 314.2 282.0 264.0   -80 -48 -100 -10   -7   -9 
FLU-M2  255.2 254.0 131.0 115.0   -20 -56   -66 -10   -9   -7 
FLU-M3  257.2 256.0 238.0 222.0   -95 -26   -38 -10   -3 -11 
FLU-M4  271.2 270.0 238.0 236.0 -100 -34   -46 -10   -5 -45 
FLU-M5  240.2 239.2 116.0 115.0 -125 -48   -68 -10   -7   -5 
FLU-M6  256.2 255.0 132.0   89.0   -60 -48   -76 -10   -9 -13 
         MW = Molecular weight, amu = Atomic mass unit, DP = Declustering potential, CE = Collision energy,  
         CXP = collision cell exit potential, EP = Entrance potential.  
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Table 3.8: Ion source parameters using electrospray (ESI) and atmospheric pressure chemi-
cal ionization (APCI). 
 
Ion source parameters ESI APCI 
Curtain gas (CUR) 20.7 x 104 Pa 20.7 x 104 Pa 
Ion source temperature 600 C 400 C 
Nebulizing gas (GS1) 55.0 x 104 Pa 14.0 x 104 
Desolvation gas (GS2) 41.2 x 104 Pa 41.2 x 104 Pa 
Collision gas (CAD) medium pressure medium pressure 
Ion source voltage (IS) 
Needle current  (NC) 
4 kV 
---- 
---- 
3 µA 
Interface (Ihe)   on on 
 
Triple quadrupole mode (QqQ) using MRM scan of 4000 QTRAP instrument was used for 
identification and quantitation purposes. Furthermore, the linear ion trap was applied for en-
hanced product ion scans for identification and confirmation. Using information dependent 
acquisition (IDA) in 4000 QTRAP instrument complementary data are simultaneously ob-
tained to give maximum structural information with a minimum number of analytical runs and 
decreasing the cost of the analyses. In IDA method, MRM and enhanced product ion scans 
(EPI) are combined. When MRM ions are detected with intensity more than 5000 counts per 
second (cps), this threshold value was operationally defined, IDA method switches the in-
strument from survey scan using MRM mode to EPI scan and triggers the second experi-
ment. At this time, Q3 in the linear ion trap mode starts to collect the analyte product ions for 
a certain time (40 ms) or using dynamic fill time (DFT) which was automatically calculated. 
The scan rate was 1000 cps and collision energy spread (CES) was set at 15 V. Afterwards, 
qualified, full enhanced product ion spectra were obtained parallel with the MRM chromato-
grams. Based on the latter scan, the comparison between not only the MRM ions but also all 
the fragments obtained in enhanced product ions spectra using reference standard solutions 
of the target compounds and those produced in real samples can be achieved. The mass 
spectrometer operated with unit resolution for both mass analyzers and the compounds were 
measured with a dwell time of 150 ms for each.  
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3.8 Method validation 
 
3.8.1 Principal aspects 
 
Validation is one critical process achieved by testing different parameters to confirm that the 
purposed analytical method conforms to defined use requirements and will be within specifi-
cation under defined operational conditions (Careri and Mangia, 2006).  
The main objective of this process is fitness for purpose which is defined by IUPAC (2002) as 
"degree to which data produced by a measurement process enables a user to make techni-
cally and administratively correct decisions for a stated purpose". In addition to the statistical 
data produced by testing specific parameters of the validation process, cost and applicability 
should be considered as described by IUPAC.  
This very versatile concept of method validation enables the analysts to adapt the analytical 
methodologies to be suitable for the different applications. For instance, there is not any 
need to calculate the method detection limit (MDL) for a method used to determine the con-
centration of certain compounds when these compounds are expected at high concentrations 
(Boqué et al., 2002). In contrast, calculation of the method quantitation limit (MQL) is relevant 
issue in the case of residue analysis. Consequently, there is not any single package of spe-
cific requirements of the validation process suitable for every analytical application.  
Basically in the validation process, complete analytical procedure including instrumental sig-
nal, representative sampling, sample preparation and clean-up procedure must be included. 
Any other parameters which have a relevant effect on the method performance should be 
taken into account. Whole concentration ranges in which the analytes may be present in the 
test samples must be covered. Based on the above introduction; recoveries, accuracy, preci-
sion (repeatability and intermediate precision), method detection and quantitation limits 
(MDL, MQL), linearity and matrix effects was achieved during the method validation as the 
most important parameters (Peters et al., 2007).  
 
 
3.8.2 Operational conditions 
 
3.8.2.1 Fortification experiments 
 
Recoveries, method detection and quantitation limits were determined in surface water sam-
ples spiked with 5 and 25 µg/L of the target compounds using HPLC/UVD. The water sam-
ples were extracted by solid phase extraction using SDB 1 cartridges at pH 2.3. 
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Using LC/MS/MS; recoveries, accuracy, precision (repeatability and intermediate precision), 
method detection and quantitation limits as well as matrix effects were also determined at 
lower concentration levels. Surface water samples were spiked with the target compounds at 
0.1, 0.2 and 1 µg/L, extracted using SDB1 at pH 2.3. The average recovery, precision and 
accuracy for each of the target compounds were calculated.  
These parameters were determined for each analytes in liquid pig manure samples. For re-
peatability and intermediate precisions, a series of samples were fortified with analytes at 
different spiking levels. The target compounds were spiked at 2, 20 and 200 µg/kg in liquid 
pig manures samples, extracted by ethyl acetate at pH 9.5. The raw extracts were cleaned 
up by SEC only as single clean-up step in the preliminary work. The average recovery, preci-
sion and accuracy for each of the target compounds were calculated in one day to check 
repeatability and 3 consecutive days for intermediate precision.  All the mentioned parame-
ters were determined again for each analyte extracted by direct solvent extraction using ethyl 
acetate at pH 9.5 using two clean-up steps (SEC and SPE). For this purpose, four spiking 
levels including 2, 10, 50 and 100 µg/kg were used. For reduction of the workload, interme-
diate precision (combination of within and between days) was calculated as average of cal-
culated relative standard deviations (RSD) of different spiking levels. RSD % of 4 replicates 
for one concentration level were determined in one day, combined with the means of RSD% 
of other spiking concentrations levels determined in another 2 consecutive days. The spiking 
levels of 10, 40 and 100 µg/kg were used to determine the recoveries, accuracy, and preci-
sion, of the target compounds extracted after lyophilization using methanol as extractant at 
pH 6.8. Recoveries, accuracy and precision (repeatability and combined intermediate preci-
sion) studies were also carried out using manure samples extracted after lyophilization by 
USE using methanol/ethyl acetate mixture (1:4) at pH 9.5.  The spiking levels were 4, 10 and 
50 µg/kg fresh manure. 
In soil samples extracted by direct solvent extraction using methanol/ethyl acetate mixture 
(1:4) at pH 9.5, recovery, accuracy, precision (intra-day, repeatability), method detection and 
quantitation limits, linearity and matrix effects were determined. Different spiking levels were 
used to achieve these parameters as following: 2, 4, 40 and 100 in sand soil and 4, 40 and 
100 µg/kg in clay soil. In manured soil samples extracted by direct solvent extraction using 
methanol/ethyl acetate mixture (1:4) at alkaline pH, the target compounds were spiked at 2, 
10, 50 and 100 µg/kg in manured sand soil and at 2 and 100 µg/kg in manured clay soil. In 
manured soil samples extracted using methanol/ethyl acetate mixture (1:4) at alkaline pH 
and USE, the target compounds were spiked at 2, 10 and 100 in manured sand soil and at 2 
and 50 µg/kg in manured clay soil. 
Recoveries (R) were determined by comparing the concentrations of the samples spiked 
before extraction with the samples spiked after extraction using Eq. 3.1 and external calibra-
MATERIALS AND METHODS 
 59
tion curves (Yang et al., 2004; Kim and Carlson, 2007). These calibration curves were rec-
orded from 5 pg to 5000 pg/µL with correlation coefficient  0.995. Considering the losses 
during the clean-up procedure, recovery were calculated and presented as absolute or rela-
tive recovery. Based on the Eq. 3.1, the obtained recovery when the concentration of the 
samples (zero samples) spiked before extraction (S1-S4) compared with the concentration of 
the sample spiked after extraction but before the clean-up procedure (B1 and B2) is defined 
as relative recovery (extraction efficiency). The obtained recovery when the calculated con-
centration of sample spiked before extraction (S1-S4) compared with the calculated concen-
tration of the sample spiked after clean-up procedure (B3 and B4) is defined as absolute re-
covery. The losses during clean-up procedure can be also calculated via comparing the 
mean concentration of B1 and B2 with the mean concentration of B3 and B4. Moreover, ma-
trix effects (ME %) could be identified at every spiking levels when peak area of B3 and B4 
compared those of standard solution containing analytes of identical concentrations. This 
experimental design was also used in all the other extraction procedures and different ma-
trices.  
 
100.
extraction  after  spiked  samples the of ionConcentrat
extraction before spiked samples the of ionConcentratRecovery                      (Eq.3.1)    
 
In each case, samples were analyzed at least in triplicate and blanks were analyzed in order 
to test background contamination and to check any interference for these analytes to ensure 
the chromatographic selectivity of this method.  
 
 
3.8.2.2 Accuracy and precision  
 
Accuracy and precision were checked for specified concentration ranges using the optimized 
analytical procedures for analysis of the target compounds in different matrices as mentioned 
in section 3.8.2.1. Accuracy could be presented as percent recovery or as the difference be-
tween the mean of measured values and the true value which is known as relative errors. In 
terms of bias or relative errors, accuracy was calculated for each analyte (RE) as the percent 
deviation of the mean of all calculated concentration values at a specific level from the spiked 
concentration as it can be seen in Eq. 3.2 (Maraschiello et al., 2001; Nobilis et al., 2007; 
Peters et al., 2007) The concentrations of the analytes in fortified samples were calculated 
via external calibration curves and Eq. 3.1.    
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RE (%) = 100 .  
ionconcentrattrue
ion)concentrat trueionconcentrat calculated (Mean                      (Eq. 3.2)  
 
The accurate method must be precise otherwise accuracy will lose its meaning in the valida-
tion process. Thus, precision is important for trusting in the output of the validation process. 
Precision is expressed as relative standard deviations (RSD %). To confirm the acceptance 
of the observed precision 3-4 replicates at a minimum of 3 spiking levels were tested as rec-
ommended by the International Conference on Harmonization Q2B (ICH, 1996) and Euro-
pean Commission Decision 2002/657/EG (EC, 2002) guidelines. The values of accuracy, 
repeatability and intermediate precision were accepted when RSD was ≤ 20 % and recovery 
was in the range ± 20 % of the nominal values (Shah et al.,1992, 2000).   
 
 
3.8.2.3 Method detection limits and method quantitation limits  
 
To calculate instrumental detection limits (IDLs) and instrumental quantitation limits (IQLs), 
the target compounds were injected into LC/MS/MS system at different concentrations 
started from 0.2 pg/µL up to 10 pg/µL. IDL and IQL are defined as the absolute analyte con-
centrations of standard solutions which give a signal to noise ratio of 3 and 10, respectively. 
The signal to noise ratio was calculated by analyst software version 1.5. However, method 
detection (MDLs) and quantitation limits (MQLs) were matrix based and determined from 
spiked samples.  
The spiked concentration used to calculate the method detection limit is the minimum repro-
ducible concentration of a substance that can be measured according to the US Environmen-
tal Protection Agency (EPA, 1984). A 70 % to 110 % recovery range with RSD ≤ 20 % is the 
parameter to fulfill the method requirements as explained by Wisconsin Department of Natu-
ral Resources (1996). Here, MDL and MQL were determined by analyses of target com-
pounds spiked into different matrices, i.e. surface water, liquid pig manure, soils and ma-
nured soils. Surface water sample were spiked with target compounds at 5 and 0.1 µg/L us-
ing HPLC/UVD and LC/MS/MS respectively. The target compounds were spiked at 2 µg/kg in 
the other matrices. Principally, 7 samples were extracted, cleaned-up and finally analyzed as 
described before. Based on the standard deviation (SD), the MDL was calculated according 
to the equation 3.3: 
 
MDL = t (n-1, 1-α = 0.99) . (SD)        (Eq. 3.3) 
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Where, 
t (n-1, 1-α = 0.99): students t value appropriate for a 99 % confidence level and the estima-
tion of the standard deviation with n-1 degrees of freedom (t = 3.143, n = 7). 
SD: standard deviation of the replicate analysis (n = 7), while MQL = SD x 10.   
 
The following inequalities are useful for evaluating the calculated MDL:  
MDL < spike Level < 10 times of the calculated MDL. 
 
 
3.8.2.4 Matrix effects 
 
The matrix effects are practical challenges for LC/MS/MS directly dependent on the selection 
of calibration method used for quantitation purposes. Matrix effects (ME) are changes of ana-
lyte responses which may appear in the form of signal enhancement or signal suppression. 
As consequences of these unpredicted effects, the accuracy and precision of the analytical 
method can be affected. Several methods have been described in the literatures to evaluate 
the matrix effects in different matrices. Two methods were used in this study to identify and 
calculate the matrix effects. First was applied in surface water as proposed by Matuszewski 
et al. (2003) Van de Steene et al., (2006) and Gosetti et al., (2010). Three series of samples 
were prepared at low and high spiking concentration levels. Samples in series A consisted of 
benzimidazole standard solutions prepared in methanol at concentrations of 0.1 and 1 µg/L 
for all of the target compounds except FEN and FLU-M6. Those concentrations were 0.05 
and 0.5 µg/L and 0.2 and 2 µg/L for FEN and FLU-M6, respectively. For preparation of the 
samples in series B, blank surface water samples were first extracted as described before. 
Then, the evaporated residues were reconstituted in 1 mL methanol containing the analytes 
at same concentrations as in series A. In series C, blank surface water samples were spiked 
with the target compounds at the same concentrations as in series A and B. Thereafter, they 
were extracted and the evaporated residues were reconstituted in 1 mL methanol. When 
analyte peak areas of the LC/MS/MS analyzed samples in series A were compared with 
those measured in series B, the ratio ((B/A) × 100) is defined as the absolute matrix effect 
(ME%). A value of 100 % indicates that there is not any absolute matrix effect. There is a 
signal enhancement if the value is > 100 % and signal suppression if the value is < 100 %. 
The recoveries were calculated by comparing the peak areas from series C with those from 
series B, where the ratio ((C/B) × 100) is defined as the absolute recovery (R). In this case 
the calculated recoveries are not influenced by matrix effect. Finally, process efficiencies 
(PE) were estimated by comparing of the peak areas from series C to those from series A 
and also reported in %. These effects were calculated by comparing between the analyte 
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responses in the solvent and in the matrix under study using identical instrumental conditions 
and the next equations: 
 
 ME (%) = 100.
A
B    (Eq. 3.4)      %)(R = 100.
B
C    (Eq. 3.5)       PE = 100 .
A
C    (Eq. 3.6) 
 
Second method was applied on the other matrices. The slopes of the calibration curves 
which were prepared in the solvent using known serial dilution of analyte standard solutions 
were compared with those prepared in the matrices under study (Gros et al., 2006). Matrix-
matched calibration curves were prepared in matrix standard solutions. For this purpose, the 
zero manure samples were extracted using ethyl acetate at pH 9.5 and cleaned-up using 
SEC and SPE. The obtained calibration curves were compared with those achieved for the 
same standards at same concentrations in methanol (external calibration). The chloro-
analogue of FLU was used as internal standard and added during preparation of these cali-
bration curves to evaluate efficiency of internal calibration method to correct these effects in 
the same experiments (internal calibration). For matrix-matched and external calibrations, the 
analytes concentrations were plotted versus the corresponding peak areas of the analytes or 
areas ratios in case of internal standard calibrations. The compounds were not subjected to 
matrix effects when both curves prepared in manure matrix and external, i.e., solvent based 
calibrations are parallel and totally overlapped. Larger or smaller slopes of matrix-matched 
calibration curves than solvent based calibration curves indicate that these compounds are 
subjected to signal enhancement or signal suppression, respectively. For external calibration 
curves, calibration points at 100, 200, 300, 500 and 700 pg/µL were made by serial dilution of 
the stock standard solutions in methanol. In the matrix-matched calibration, the calibration 
standard solutions (1 mL) were filled into 2-mL volumetric flasks and 1-mL manure extracts 
were added. This work was repeated to study the matrix effects in manure samples extracted 
by methanol after lyophilization as well as soil and manured soil samples extracted by direct 
solvent extraction method using the methanol/ethyl acetate mixture (1:4 v/v) at alkaline pH. 
The internal standard was added to the calibration standards at 50 pg/µL in manure extract, 
while, in soil and manured soil extracts, its concentration was 40 pg/µL. The manure, soil and 
manured soil matrices were prepared by the established extraction methods described be-
fore. The calibration curves were calculated using a weighted (1/X) linear regression model.  
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3.8.2.5 Quantitation methods 
 
External calibration 
Quantitation of the target compounds during fortification experiments was based on external 
calibration curves of benzimidazole compounds recorded in methanol and ranged from 2.5 to 
1000 and 5 to 5000 pg/µL combined with Eq.3.1 in case of water and the other analyzed ma-
trices, respectively. LC/MS/MS was operated in the positive ion mode (PI) using ESI. 
 
Multiple standard additions 
Known volume of liquid pig manure samples containing 1 to 2.5 g ds were weighed. These 
samples were extracted by direct solvent extraction using ethyl acetate and after lyophiliza-
tion using methanol. The raw extracts were cleaned-up as described before. Equal volumes 
of the clean extract solutions were taken and separately spiked with different amounts of the 
analytes standard solutions at 100, 200, 300, 500, 1000 pg/µL. Thus, 5 calibration solutions 
were prepared containing the extracts of manure samples. All spiked sub-samples were di-
luted to the same volume to finally record multiple standard addition calibration curves follow-
ing the method described by Nerín et al. (1994).  
The instrumental responses were then determined for all these solutions and the results plot-
ted versus the added concentrations. The unweighted regression line was calculated in the 
normal way and extrapolated to the point at which y = 0. The point at zero added concentra-
tion of the target compounds is the concentration of the unknown samples, and the other 
points are the added concentrations plus the background concentration. The absolute value 
of the x-intercept is the concentration of the analytes in unknown samples. The standard ad-
dition concentration was chosen based on the estimated concentration via external calibra-
tion in one of the real samples at the beginning of real samples analysis. 
 
Single point standard addition  
The second method was single point standard addition. Six sub-samples, each one has the 
same volume of liquid pig manure samples, were prepared and extracted by LLE using ethyl 
acetate at pH 9.5. Two sub-samples were spiked after extraction immediately before clean-
up procedure with known concentration of the target compounds where the concentrations of 
non spiked samples were calculated according to equation 3.7 or 3.8 (Ito and Tsukada, 
2002; Zenkevich and Klimova, 2006; Garrido Frenich et al., 2009). 
 
addx
x
P
P

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Px and Px + add are chromatographic peak areas of the analytes before and after addition of 
known concentration, respectively, where mx is the concentration of unknown sample mx+add 
is the concentration of the added concentration plus sample concentration. This procedure 
was also used to calculate the concentrations of the detected compounds in two selected 
real samples extracted via USE method, where the obtained results were compared with 
those obtained using external and internal calibrations. 
 
 
3.9 Extraction efficiency and aging tests  
 
Pig manure produced in intensive farming activity are usually stored in a manure tanks in the 
range of 90-180 days prior to spreading on agricultural land (Schlüsener et al., 2006). Fen-
bendazole and flubendazole with corresponding metabolites may be dispersed with manure 
produced by treated animals unless degradation (biotic or a biotic) takes place during ma-
nure storage. The extractability of these benzimidazoles after liquid manure storage under 
different field conditions could be affected by the time mainly due to sorption-desorption equi-
librium and microbial effects (Löffler and Ternes, 2003). This test was designed to study ag-
ing effects on the extraction efficiency of FEN, FLU and corresponding metabolites from pig 
manure after 30 days incubation period by direct solvent extraction. This experiment was 
carried out under anaerobic conditions at 20 ºC and 4 ºC as well.   
Six series of liquid pig manure samples containing 5 % (ds), each one consisted of blank and 
4 samples (50 g) were filled in 300-mL Erlenmeyer flasks. An aliquot of the stock standard 
solution containing FEN, FLU as well as corresponding metabolites, was added to each 300-
mL Erlenmeyer flask resulting in a final concentration of 100 µg/kg fresh manure. The con-
centration of FEN and FLU-M6 were half and double of these spiked concentration, respec-
tively. The flasks were left open for 1 h to evaporate the solvent and to avoid toxic effects on 
microorganisms of the manure samples.  
All flasks were purged with nitrogen to guarantee anaerobic conditions and incubated in the 
dark. 3 series were incubated at 4 ºC and 3 series at 20 ºC in order to gather information on 
the temperature depending effect of biotransformation. At each sampling time (0, 15 and 30 
days), 5 samples were prepared for analysis. Samples were buffered by ammonium chloride 
buffer pH 9.5 and extracted by mechanical shaking with ethyl acetate as described before. 
The raw extracts were cleaned by SEC. 7 µL were injected into LC/MS/MS.  
MATERIALS AND METHODS 
 65
3.10 Analysis of real pig manure samples 
 
In order to test the applicability of the developed methods for analysis of the target com-
pounds in real samples, 7 pig manure samples (PM1-7) were collected via grab sampling 
from manure cellars. These samples were taken at seven pig fattening farms in the catch-
ment area of the Chamber of Agriculture, Oldenburg, Germany. FLU was applied as a food 
additive at 5 mg/kg pig bw for 5 consecutive days as de-worming agent as described before.  
Subsamples each one equal 22.5 and 27.5 g of fresh samples (equivalent to 2.5 g dry sub-
stance) of PM1 and PM5 respectively, were weighed into 300-mL Erlenmeyer flasks, and 
buffered with 25 mL ammonia/ammonium chloride (pH 9.5). Samples were extracted with 
100 mL ethyl acetate on a horizontal shaker at 220 rpm for overnight. The samples were 
rinsed two times with 100 mL and 50 mL for 60 and 30 min, respectively.  
The combined raw extracts were rotary evaporated, then micro-filtered and finally cleaned-up 
as mentioned before. The concentrations were calculated using multiple standard addition 
technique. The entire extracts of each sample eluted in one round bottom flasks, evaporated 
under a gentle nitrogen stream and then reconstituted in 5 mL methanol. Later on, these ex-
tracts of the real matrix, were used to record the multiple standard addition calibration curves 
using serial dilutions of the standard solution of the target compounds mixture, e.g., 100, 
200, 300, 500, 1000 pg/µL.  
This procedure was also applied for lyophilized PM1 and PM5 samples and methanol as ex-
tractant without pH adjustment. Moreover, the concentrations of these two samples were re-
calculated with the other five samples (PM1-PM7) using single point standard addition tech-
nique and ethyl acetate as extractant at pH 9.5. During this, replicates of PM1 to PM7, each 
one contains a known volume of well homogenized fresh sample equivalents to about 0.5 to 
1g dry substance from each sample were extracted, cleaned-up and finally LC-MS-MS ana-
lyzed. Ultrasound-assisted solvent extraction (USE) using methanol/ethyl acetate mixture 
(1:4) was also used to extract the target compounds in lyophilized PM1 and PM5 samples at 
pH 9.5. The concentration was calculated using single point standard addition technique, 
external and internal calibration. 
 
 
3.11 Identification and confirmation techniques 
 
The use of the triple stage quadrupole instrument (QqQ) using MRM of 4000 QTRAP pro-
vides a method with high sensitivity and selectivity. For identification and quantitation pur-
poses, 2 transitions were selected to build MRM method for each compound. According to 
European Commission Decision 2002/657/EG (EC,2002) for confirmation and identification 
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of organic pollutant in live animals and animal product, 3 identification points (IP) are re-
quired for legally used compounds and 4 identification points for illegal compounds must be 
achieved. Number of identification points depends on the technique by which the analyte of 
interest was analyzed (Table 3.8). 
 
Table 3.8: The relationship between analysis techniques and numbers of identification points 
according to Council Directive 96/23/EC concerning the performance of analytical methods 
and the interpretation of results (EC, 2002). 
 
Mass spectrometer Identification point per ion 
Low resolution mass spectrometry (LR) 
- LR-MSn Precursor ion 
- LR-MSn Transition products 
 
1 
1.5 
High resolution mass spectrometry (HR) 
- HR- MSn Precursor ion 
- HR-MS Transition products 
 
2 
2.5 
 
To get highly qualified identification points, other requirements such as selection of specific 
ions (fingerprint ions) and chromatographic behavior (retention time) should be achieved. 
The ion ratios of selected transitions using reference standard with those obtained using 
spiked or unspiked real samples should be compared, where the maximum permitted toler-
ance depends on the relative intensities of selected ions (Table 3.9). 
 
Table 3.9: Maximum permitted tolerances for relative ions intensities using different spectro-
metric techniques according to Council Directive 96/23/EC concerning the performance of 
analytical methods and the interpretation of results (EC, 2002). 
 
Relative intensity 
( of base peak) 
GC/MS-EI 
 
GC/MS-CI, GC/MS/MSn 
LC/MS, LC/MS/MSn 
 50% ± 10 % ± 20 % 
20 to 50 % ± 15 % ± 25 % 
10 to 20% ± 20 % ± 30 % 
 10% ± 50 % ± 50 % 
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In addition to the above regulations, mass spectra produced by IDA method using MRM as 
full scan and EPI as dependent scan were used to support the confirmation of the positive 
results during analysis of real samples.  
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4. Results and discussion 
 
The objectives of these research activities focused on the development of a novel method for 
the simultaneous analysis of FEN and FLU as well as their corresponding metabolites in 
liquid pig manure and manured soil. For this purpose preliminary tests were conducted for 
surface water and soil to study the analytes properties during experimental handling with 
reduced matrix complexity. Thus, different extraction and clean-up procedures were checked 
and subsequently transferred to manure and manured soil matrices. Besides different 
sample preparation techniques, different detection techniques for identification and 
quantitation of the target compounds under study were applied. Due to the intermediate to 
high polarity of the analytes, they based on HPLC/UVD or HPLC/DAD and LC/MS/MS. For 
the latter, ESI and APCI techniques were applied. Consequently, versatile measures of 
analytical quality assurance were performed focused on different quantitation techniques and 
compensation of matrix effects. Besides fortification experiments, reference-manure samples 
from anaerobic biotransformation test under laboratory conditions were investigated in order 
to take the aging of benzimidazole residues into account. Finally, real manure samples from 
different pig fattening farms were analyzed and results were interpreted utilizing already 
published data for some of the analytes in different sample matrices. 
 
4.1 Extraction procedure 
 
The analysis of organic pollutants in environmental samples is a complicated procedure. The 
target compounds under study occur either at low ng/L-concentrations as, e.g., in water 
samples or at µg/kg-concentrations but in complex sample matrices, e.g., liquid manures or 
manured soils. This is why sample preparation, including sample extraction and clean-up 
procedures, is one of the most relevant steps. In order to determine trace amounts of 
pharmaceutical compounds present in samples under analysis, the analytes are to be 
exhaustively extracted out of the sample matrixes without simultaneously releasing too many 
co-extractants. Several extraction techniques, therefore, were applied and stepwise 
advanced for this purpose. Based on physicochemical properties of the analytes and sample 
matrices, one of several methods can be selected. For liquid samples, solid phase and 
liquid–liquid extraction (LLE) extraction are frequently used. Pressurized liquid extraction 
(PLE), Soxhlet, microwave-assisted extraction (MAE), supercritical fluid extraction (SFE) and 
ultrasound-assisted solvent extraction (USE) are widely used for the extraction of solid 
samples. Among these extraction techniques solid phase extraction, direct solvent extraction 
as well as ultrasound-assisted extraction were successfully used in this study for water, liquid 
pig manure, soil and manured soil samples. 
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4.1.1 Surface water samples 
 
Simultaneous extraction of the target compounds which have various physico-chemical 
properties such as compounds from different classes or compounds with their metabolites is 
the main analytical challenge in any analytical protocol. The selection of the suitable sorbent 
for solid phase extraction to reach high extraction efficiencies for these compounds is the first 
step. Therefore, styrene-divinylbenzene (SDB1) and Oasis HLB cartridges (hydrophilic-
lipophilic balance) as examples of polymeric sorbents were checked for extracting the target 
compounds from surface water samples. Results of these experiments are summarized in 
Figure 4.1 to 4.3.  
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Figure 4.1: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites spiked at 1 µg/L to 200-mL water samples of the Oker River using styrene-
divinylbenzene (SDB1) cartridges at two pH values. Relative standard deviations (RSD) are 
given as error bars (n=4). 
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Figure 4.2: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites spiked at 1 µg/L to 200-mL water samples of the Oker River at pH 2.3 using 
different sorbents. Relative standard deviations (RSD) are given as error bars (n=4). 
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Figure 4.3: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites spiked at 1 µg/L to 200-mL water samples of the Oker River using HLB Oasis 
cartridges at two pH values. Relative standard deviations (RSD) are given as error bars 
(n=4). 
 
RESULTS AND DISCUSSION 
 72
High recovery rates for the target analytes ranged from 91 to 115 % obtained using Oasis 
HLB cartridges at acidic and neutral pH. This attributed to Oasis HLB cartridges consisting of 
sorbent with an equal ratio of the hydrophilic N-vinylpyrrolidone and the lipophilic 
divinylbenzene with wide range of stability from pH 1-14. Those are able to extract the 
compounds under investigation even though they have different physicochemical properties 
(Hao et al., 2006). These target compounds can interact with either the hydrophilic or the 
lipophilic moieties of the HLB sorbent. These characteristics can eliminate the need for 
different pH adjustment of the samples to achieve efficient extraction allowing quantitative 
determination of these compounds at ng/L-concentrations. Adequate extraction efficiencies 
were obtained using styrene-divinylbenzene cartridges when water samples were adjusted at 
acidic pH values. Thus, recovery rates using SDB1 cartridges were 84 to 118 % for all the 
target compounds at pH 2.3. According to the European Commission Decision 2002/657/EG 
(EC, 2002), these recovery rates were within the acceptable recovery range of 70 to 120 %. 
However, these results were in opposite to results for piperazinylic quinolones obtained by 
Turiel et al. (2003) extraction. In his study, those basic compounds can extracted with high 
recovery rates only at basic conditions. The possible explanation for this efficient extraction 
of the target compounds under study at pH 2.3 is the existence of non-specified 
modifications of the polystyrene-divinylbenzene matrix, e.g., light sulfonation (Weigel et al., 
2004). Based on the reported data, benzimidazole compounds are zwitterions (Kim et al., 
2010) or weakly basic molecules (Danaher, 2003). Under suitable conditions, these 
molecules may be protonated at acidic pH, where this property, in order to get efficient 
extraction, is essential for retaining these basic compounds by this (modified) cationic 
exchange resin. When the samples extracted at the original pH (6.7), high extraction 
efficiency was still provided by SDB1 cartridges. The recoveries ranged from 70 to 101 % for 
all the target compounds except the parent compounds FEN and FLU, where their recoveries 
were 62 and 41 %, respectively. This may be attributed to polystyrene-divinylbenzene resin 
copolymer as hydrophobic resin has better analyte retention, mainly for highly polar 
compounds, due to relatively large number of active aromatic sites which allow π-π 
interaction (Turiel et al., 2003; Żwir-Ferenc, 2006). The obtained results using SDB1 
cartridges at neutral pH are consistent with the results obtained by Balizs (1999). In that 
study, FEN, FEN-SO, FEN-OSO, FLU with 11 other benzimidazole compounds were 
extracted from pig tissue samples using ethyl acetate at alkaline pH. These extracts were 
evaporated, acidified using 0.2 M HCl and then finally washed using n-hexane. Thereafter, 
acidic layers were evaporated, exchanged by an ammonium acetate/methanol mixture (1:1), 
loaded on SDB1 cartridges as the main clean-up step in this procedure. Finally, the elution 
was carried out with 3 mL methanol/ethyl acetate (1:4). The recoveries were 44, 75, 54 and 
50 % for FEN, FEN-SO, FEN-OSO and FLU, respectively. The recovery rates for the other 
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compounds ranged from 8 to 69 % except two compounds recovered at 81 and 117 %. 
These results indicated that the pH value plays an important role for enhancement of the 
retention of these compounds using these cartridges. 
Desorption of the target compound is also critical step in solid phase extraction method. 
Therefore, pH values of the eluents were also tested. Slightly or no differences in the 
recovery rates were observed when methanol acidified with 1% of formic or pure methanol 
were used for the elution of the target compounds. 5 mL methanol were appropriate for 
complete elution of these analytes especially when 200-mg SDB1 cartridges were used 
(Weigel et al., 2004). Considering the variability of environmental matrices, therefore, as 
margin of safety 2 x 5 mL pure methanol was used in this work. After the identification of 
acidic pH as the best condition for the analytes extraction the analytical method development 
for the extraction, separation and quantitation of these benzimidazoles from water samples 
mainly focused on the use of SDB 1 cartridges followed by HPLC-UVD and LC/MS/MS 
analysis. Figure 4.4 shows the analytical scheme of the optimized method for analysis of 
target compounds in surface water samples. Subsequently, this SPE technique was 
subsequently tested for clean-up of manure, soil and manured soil samples. 
 
 
4.1.2 Manure samples  
 
Extraction procedures for benzimidazoles from liquid manure or manured soil are only 
applied within 2 studies until today. First one was performed by Weiss et al. (2008) and 
referred to FLU and its metabolites FLU-M1 and FLU-M2. In this procedure manure samples 
(containing 1.1–2 % dry substance) were diluted 1:1 with a methanol/water mixture (1:1, 1 % 
acetic acid). After centrifugation at 2000 rpm for 20 min, these extracts were directly 
analyzed using LC/MS/MS. Kreuzig et al. (2007) extracted FLU and FEN from liquid pig 
manure based on the direct solvent extraction with ethyl acetate at pH 5.2. Because none of 
both extraction procedures did not involve the 10 target benzimidazoles under study different 
extraction procedures were additionally checked. 
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Spiked surface water samples 
(200 mL) 
pH adjustment: 
1- Using formic acid to pH 2.3 
2- Without pH adjustment 
SPE 
 Cartridges: Oasis HLB and SDB 1 
 Conditioning: 
 5 mL of methanol 
 5 mL of acidified water 
 Loading: flow rate of 3 – 4 mL/min 
 Washing: 5 mL of deionized water 
 Eluent: 10 mL (2 x 5 mL) of methanol 
0.6 µm glass fiber filter 
Evaporation under N2-stream 
and re-dissolved in 1 mL of 
methanol 
10 µL HPLC/UVD and LC/MS/MS 
Column:  
RP C18-Zorbax Eclipse 
endcapped XDB  
(150 mm x 4.6 mm, 5 µm) 
Mobile phase: 
A: 0.5 % of formic acid in water 
B: A/ACN (25:75) 
Time 
(min) 
A (%) B (%) 
0 90 10 
25 76 24 
45 65 35 
50 0 100 
52 90 10 
5 min re-equilibration 
 
Figure 4.4: Analytical scheme of the optimized method for analysis of benzimidazole 
compounds in surface water using Oasis HLB and styrene-divinylbenzene (SDB1). 
 
 
4.1.2.1 Direct solvent extraction  
 
Based on direct solvent extraction of target benzimidazoles using ethyl acetate, series of 
extraction experiments at different pH values were conducted in order to achieve an 
exhaustive extraction procedure. For this purpose, several parameters were needed to be 
optimized, e.g., number of extraction cycles, extraction time, pH adjustment and salting out 
effect. The initial conditions for the direct solvent extraction were modified from the procedure 
adopted by Kreuzig et al. (2007) to extract the parent compounds from liquid pig manures. 
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Four replicates, each one was 50 g liquid manure, were spiked with the target compounds at 
100 µg/kg fresh samples. These were extracted in 3 consecutive steps. These include 
shaking overnight with 100 mL ethyl acetate at 220 rpm with two additional rinsing steps 100 
mL and 50 mL with 60 min and 30 min shaking times, respectively. Raw extracts were 
combined, rotary evaporated, cleaned up by SEC and finally analyzed using LC/MS/MS. 
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Figure 4.5: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites obtained by first extraction step vs. one extraction step combined with 2 rinsing 
steps (total) in liquid manure at original pH 6.8. 
 
It was found that recovery rates of 70 to 120 %, defined as acceptable recovery rates by the 
European Commission Decision 2002/657/EG (EC, 2002), can be reached by the direct 
solvent extraction shaking the manure sample with 100 mL ethyl acetate overnight. However, 
the extraction step had to be followed by 2 rinsing steps in order to transfer the extracted 
analytes from the extraction medium into fresh solvent. As shown in Figure 4.5, all target 
compounds were extracted at recovery rates ranging from 71 to 100 %. However, FLU-M3 
and FLU-M4 were not quantitatively extracted due to recoveries of 55 and 70 %, 
respectively. In order to improve the extraction of these compounds, several parameters 
were optimized. First parameter optimized was pH which is considered as the relevant 
parameter to maximize or minimize the efficiency of organic solvent extraction of 
environmental samples. Different pH including neutral (6.8 ± 0.1), acidic (4.4 ± 0.1) and 
alkaline pH (9.5 ± 0.1) were tested. It was found that the efficiency of the extraction method 
for all target compounds increased with the increase of the pH up to 9.5. 
These results may be attributed to the benzimidazole compounds have 2 pKa values, e.g., at 
RESULTS AND DISCUSSION 
 76
pH  6.0, these compounds may be positively charged and at pH > 10 they may be 
negatively charged (Danaher et al., 2007; Msagati et al., 2006). In between these 
compounds are neutral and more hydrophobic. This neutral region corresponded to the 
optimum pH at which efficient extraction can be achieved. Therefore, pH 9.5 was the best pH 
value to get a method with highest extraction efficiency. Recovery rates were higher than 70 
% for all investigated compounds. Table 4.1 shows the recoveries of the target compounds 
at different pH.  
Table 4.1:  Recoveries of fenbendazole and flubendazole with corresponding metabolites of 
spiked liquid manure samples 100 µg/kg at different pH calculated using matrix-matched 
calibration curves. 
 
Analytes pH 6.8  pH 4.4 pH 9.5  
FEN 87  6 88  3 79  5 
FEN-SO 86  6 87  5 80  5 
FEN-OSO 86  7 86  3 80  3 
FLU 85  7 86  3 80  3 
FLU-M1   85  11 85  4 79  6 
FLU-M2   73  14 69  5 70  6 
FLU-M3  50  21   25  10 70  5 
FLU-M4  70  12 54  4  79  13 
FLU-M5          76  7 85  4 78  9 
FLU-M6          83  7 83  4 77  5 
 
As it can be seen, all the target compounds were quantitatively extracted at alkaline pH, but 
FLU-M2 and FLU-M3 were still at lowest acceptable recovery range. Considering the losses 
during the cleanup procedure which cannot be compensated using matrix-matched 
calibration curves, the recoveries were calculated using solvent calibration curves and Eq. 3. 
The improvement in the recovery rates ranged from 4 to 17%. This amount is equivalent to 
the lost amount during the cleanup procedure as shown in Figure 4.6. 
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Figure 4.6: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites calculated using matrix-matched calibration curves (1st method) and external 
calibration curves with Eq. 3.1 (2nd method). 
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Figure 4.7: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites spiked in liquid manure samples.  
 
After identification of pH as relevant parameter to achieve exhaustive extraction procedure, it 
was necessary to restudy the actual number of extraction cycles required to make this 
procedure exhaustive. It was found that the first extraction cycle was sufficient to realize high 
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recovery rates for all compounds. The obtained recoveries were in the range from 86 to 90% 
for all target compounds except for FLU-M6 it was 75 %. Observed increase of FLU-M6 
recovery rate from 75 to 99 % with slightly improvement for the others from 9 to 14% were 
obtained by the second one. For all compounds, recoveries were considered negligible in 
third cycle as it can be seen in Figure 4.7. For this reason, the last two cycles are considered 
as rinsing steps. However, these two steps are still required due to the variability of the 
manure matrices, where the magnitude of phase separation was different according to dry 
substance contents, detergent and other additives in the farms during manure sampling.  
In fortification experiments, irrelevant differences were found between recoveries obtained 
after overnight (12 h) shaking with 100 mL ethyl acetate at pH 9.5 and recoveries obtained 
after 2, 4, 6 and 8 h shaken at the same conditions. However, in order to take into account 
aging process and higher matrix affinities of compounds, shaking overnight should be 
preferred. Figure 4.8 shows the obtained recoveries of the target compounds at different 
shaking time during first extraction cycle at alkaline pH and ambient temperature. 
Salting-out effect of added sodium chloride (10 g) to the samples prior extraction was 
additionally studied. However, there were no observed improvements in the obtained 
recoveries of the samples. For this reason this step was excluded from the final procedure. 
The mean recoveries of the target compounds were calculated preliminary in manure 
samples at different spiking levels, e g., 4, 50, 100 and 500 µg/kg at original pH and 2, 20, 
100 and 200 µg/kg at pH 9.5 as well as 100 µg/kg at acidic pH. The overall recovery rates 
were 55 to 101 %, 80 to 101 % and 25 to 88 % with RSD ≤ 18, 17 and 10 % respectively 
(Appendix, Table A1). During this work, it was found that extracts obtained using ethyl 
acetate at alkaline pH were cleaner than the extracts obtained at acidic pH. This is may be 
attributed to humic and fulvic acids are neutral and more hydrophobic at acidic pH. Thus, 
high amounts of humic substances could be extracted under this conditions using ethyl 
acetate. Therefore, it was necessary to add another clean-up step to make this extraction 
procedure suitable under different pH conditions. Later on, the suitability of the optimized 
procedure to efficiently extract the target compounds from liquid pig manure at different 
spiking levels was re-examined. Liquid pig manure samples were spiked with target 
compounds at 2, 10, 50 and 100 µg/kg. Samples were extracted with ethyl acetate at alkaline 
pH, cleaned up by SEC and SPE and finally analyzed by LC/MS/MS.  
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Figure 4.8: Recoveries of A: fenbendazole and B: flubendazole with corresponding 
metabolites in liquid manure samples extracted with ethyl acetate at pH 9.5 and at different 
extraction times.  
 
All compounds were extracted with high recoveries ranged from 85-99 %, 78-111 %, 
78-100 % and 82-94 % with maximum RSD of 19%. As shown in Figure 4.9, this procedure 
allowed the extraction of target compounds with adequate recoveries. Even though the 
analysis of benzimidazoles is more complicated in manure samples than biological samples, 
the obtained recoveries in this work are better than or still comparable with that of previous 
studies for liquid and solid matrices. Thus, Fletouris et al. (1996) extracted 10 benzimidazole 
residues including, FEN, FEN-SO, FEN-OH and FEN-OSO from milk samples at pH 10 using 
ethyl acetate.  
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Figure 4.9: Recovery rates of A: fenbendazole and B: flubendazole with corresponding 
metabolites in liquid manure samples extracted using ethyl acetate at pH 9.5 with different 
spiking levels. Relative standard deviations are given as error bars. 
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The extraction efficiency was evaluated over the pH of range 3 to 11.5. The highest 
recoveries for the majority of investigated benzimidazole residues were given at pH 10. Mean 
recovery for benzimidazole residues was typically in the range of 79-100 %. A lower recovery 
in the range of 56-66 % was obtained for FEN.  
Aguilera et al. (2012) developed a method for determination of FEN, FEN-SO with some 
other veterinary drug residues in meat-based baby food and powdered milk-based infant 
formulae. The extraction procedure based on a buffered quick, easy, cheap, effective, 
rugged and safe methodology (QuEChERS) using acetonitrile acidified with 1% formic acid 
(v/v) without any further clean-up step, followed by ultra-high performance liquid 
chromatography coupled to tandem mass spectrometry (UHPLC/MS/MS). The obtained 
recoveries were 123  and 40 % with RSD ≤  20 % in the meat based food, while in the milk 
based food recoveries were 117 and 118 % with RSD ≤ 18 % for FEN and FEN-SO, 
respectively. Moreover, supercritical fluid extraction (SFE) method has been applied for 
extraction FEN, FEN-SO, FEN-OSO, FLU with 6 other benzimidazole drug residues from 
animal liver. The obtained recoveries were not quantitative. Mean recovery ranged between 
51 and 115 % for the various benzimidazoles. The intra- and inter-assay variations showed 
RSD values of 10  and 32 %, respectively (Danaher, 2003).  
 
 
4.1.2.2 Solid-liquid extraction after lyophilization 
 
Alternatively, liquid manure samples were treated by means of lyophilization in order to 
remove the aqueous phase prior to solvent extract of the manure solids. Recovery 
experiments were used to determine the efficiency of different organic solvents, e.g., 
methanol, acetonitrile, acetone and ethyl acetate. The samples were spiked with target 
compounds at 100 µg/kg fresh manure, extracted in 3 consecutive steps including shaking 
with 100 mL extracting solvent at 220 rpm overnight and additional rinsing steps with 100 mL 
and 50 mL shacked again for 60 and 30 min. The obtained extracts were combined, rotary 
evaporated, cleaned-up and finally analyzed via LC/MS/MS.  
Some conclusions can be drawn from those tests. For all solvents used, the obtained 
recovery ranges of FLU-M1, FLU-M5 and the parent compounds were from 74 % to 103 %. 
Lowest recoveries ranging from only 40 to 85 % were obtained for FEN-SO, FEN-OSO, FLU-
M2, FLU-M3, FLU-M4 and FLU-M6 when acetonitrile, acetone or ethyl acetate was used. 
Using methanol, however, the recoveries for all the target compounds ranged from 96 to 
107 % (Figure 4.10).  
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Figure 4.10: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites extracted from lyophilized pig manure samples with different solvents.  
 
It was apparent that methanol was the most efficient solvent to extract these compounds 
from lyophilized manure at original pH. This is due to its wetting power and ability to 
penetrate and raising the contact with dried manure particles more than the other solvents 
with lower polarity. These results also can be supported by the data published in the 
literature. Danaher et al. (2007) reported that polar solvents such as methanol and 
acetonitrile have high efficiency to extract the target compounds from biological and food 
samples without any need of pH adjustment. Blanchflower et al. (1994) determined FEN and 
FEN-SO in liver and muscle samples using LC-MS. The samples were homogenized with 
water, sonicated with methanol and centrifuged. The supernatants were washed with light 
petroleum and re-extracted with diethyl ether/ethyl acetate. The extracts were evaporated to 
dryness, dissolved in the mobile phase and injected into the LC-MS system. The mean 
recoveries were 91% for FEN and 86% for FEN-SO. In another study, approximately 100 % 
of spiked FEN in milk samples were extracted with acetonitrile over the pH range 2-9, 
indicating pH adjustment of milk samples was unnecessary when acetonitrile was used as 
the extractant solvent. This method was optimized for FEN only (Fletouris et al., 1994). 
Sørensen and Hansen (1998) extracted FEN, FEN-SO and FEN-OSO spiked in trout muscle 
and skin tissues at 5-150 µg/kg with acetonitrile at neutral pH. The extracts were 
concentrated and cleaned up by solid phase extraction on C18 and CN cartridges where the 
mean recoveries in muscle were 88, 94 and 92 %, respectively. The corresponding mean 
recoveries in skin tissue were 88, 81 and 86 % at a level of 10-100 µg/kg. The mean relative 
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standard deviation was 9 % at a level of 5 µg/kg, 6 % at a level of 10-100 µg/kg and 2 % at a 
level of 150 µg/kg. Marti et al. (1990) extracted 8 benzimidazole residues including, FEN, 
FLU and FEN-SO from muscle, liver and kidney tissues using acetonitrile. Recovery of 
benzimidazole residues was > 65 % for all residues with the exception of FEN-SO which 
gave a lower recovery of 45 and 39 % for liver and kidney, respectively. 
The results of the proposed extraction procedure are similar or better than the methods 
described for other groups of VMP developed by different research groups. For examples, 
Pfeifer et al. (2002) extracted trimethoprim with 4 sulfonamides from manure samples using 
ethyl acetate at pH 5.2 at recovery range from 77 to 91 %. In another study described by 
Haller et al. (2002)  trimethoprim with 7 sulfonamides were extracted from manure samples 
using ethyl acetate at pH 9 adjusted by adding potassium hydroxide (KOH). The recovery 
rates from spiked manure slurry samples spiked at 1 mg/kg were 51 to 89 % with RSD < 20 
%. In the method developed by Hamscher group (2002) to extract tetracycline group from 
manure sample at higher concentration levels, e.g., 0.2 to 1 mg/kg. The recovery ranges 
were 87 to 100 %, 82 to 104 % and 94 to 127 % for oxytetracycline, tetracycline and 
chlortetracycline, respectively with RSD ≤ 9 %. 
Otherwise, it should be noted that a parallel increase of the co-extracts was also observed 
due to this non selective extraction procedures. For this reason, it was necessary to add SPE 
(SDB1) as another clean-up step combined with SEC which has been already used as single 
clean-up step during the preliminary work. After identification of the optimum extraction 
conditions, series of fortification experiments were conducted to evaluate the performance of 
the optimized method at different spiking levels covering the environmentally relative 
concentrations, e.g., 4, 10, 50 and 100 µg/kg. The range of percentage recoveries for all the 
target compounds was 76 to 106 % with RSD < 14. The mean recoveries are given in Figure 
4.11. The analytical scheme of the optimized methods for benzimidazoles analysis in pig 
manure samples directly extracted using ethyl acetate or after lyophilization using methanol 
are summarized in Figure 4.12. 
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Figure 4.11: Recovery rates of A: fenbendazole and B: flubendazole with corresponding 
metabolites extracted from lyophilized manure samples using methanol with different spiking 
levels at original pH. 
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Figure 4.12: Analytical scheme of the optimized methods for the target benzimidazole 
analysis in pig manure samples. 
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4.1.2.3 Ultrasound-assisted solvent extraction  
 
Furthermore, the efficiency of an ultrasound-assisted solvent extraction (USE) was checked 
to release the target benzimidazoles out of liquid pig manure samples. USE is a technique 
which has been used in a wide range of environmental samples as simple, rapid and low-
cost method (Babic et al., 1998; Aydin et al., 2007). 
To apply USE technique, liquid manure samples were differently prepared. A general 
scheme of the developed analytical method is illustrated in Figure 4.13. First, samples were 
spiked at 100 µg/kg and then directly extracted using ultrasound- assisted extraction at pH 
4.4. 
 
LC-MS/MS 
3 x 50 mL (10 min) 
50 g liquid manure samples 
(2.5 g ds, pH 4.4) 
Ultrasound-assisted treatment  
(10 min at 35 kHz) 
  Centrifugation (4000 rpm, 15 min) 
 
Solid parts Aqueous phase 
(200 mL) 
SPE/SDB1 
Enrichment  
Clean-up 
Lyophilization 
MeOH extraction 
SEC 
2.5 g lyophilized samples  
100 mL MeOH/ET (1:4 v/v, pH 9.5) 
Ultrasound-assisted extraction  
 (30 min at 35 kHz) 
       Phase separation (Filtration)  
Clean-up procedure 
SEC 
SPE/SDB1 
Solid parts Organic phases 
(250 mL) 
3 x 50 mL (15 min) 
 
 
Figure 4.13: Analytical scheme of the optimized methods for target benzimidazoles analysis 
in pig manure samples using ultrasound-assisted solvent extraction method. 
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The liquid phases were separated by centrifugation and then cleaned up and concentrated 
by solid phase extraction using SDB1 cartridges. Recoveries in the aqueous varied, e.g., 
from 15 % for FEN to 53 % for FEN-SO and 27 % for FLU to 69 % for FLU-M6 due to the 
physico-chemical properties of the parent compounds and the metabolites (Figure 4.14). In 
contrast, 73 % of FEN and 22 % FEN-SO as well as 64 % of FLU and 10 % FLU-M6 were 
recovered in the solid phases which were extracted by means of methanol shaking overnight. 
These results reflected the physico-chemical properties of the target compounds. Hence, the 
more hydrophobic parent compounds FEN and FLU as well as FEN-OSO were sorbet to the 
manure solids while the more polar metabolites mainly occur in the aqueous phases. 
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Figure 4.14: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites spiked into liquid pig manure samples at 100 µg/kg.  
 
Within the second approach, the liquid manure samples were initially lyophilized. The 
manure solids were then treated with different solvents. Here, methanol was an efficient 
solvent to extract all the target compounds with recovery rates > 90 % at original pH. In 
contrary, very low recoveries were achieved for the majority of the target compounds when 
the solids were ethyl acetate extracted. With exception of FEN, FLU, FLU-M1 and FLU-M5, 
the obtained recoveries ranged from 40 to 65 %. It is attributed to the decrease of the 
penetration power of ethyl acetate to solid manure particles due its hydrophobicity.  
An additional solvent mixture consisted of methanol and ethyl acetate (1:4, v/v), therefore, 
was used to extract the target compounds from lyophilized manure samples at alkaline pH 
using USE technique. Initially, experiments were performed in order to establish the number 
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of extraction and rinsing cycles as the most critical step after solvent selection in USE 
method. In the extraction cycle, lyophilized manure samples were ultrasonicated with 100 mL 
solvent mixture for 30 min where 59 to 66 % of all target compounds were extracted. The first 
rinsing cycle was important to reach the acceptable recovery range of > 70 %, where 26 to 
31 % of spiked analytes were recovered in this step via ultrasonication with 50 mL solvent for 
15 min (Figure 4.15). 
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Figure 4.15: Recoveries of fenbendazole and flubendazole with corresponding metabolites 
from lyophilized liquid manure samples after 1 extraction and 5 rinsing cycles using 
methanol/ethyl acetate mixture (1:4; v/v; pH 9.5). 
 
In the two next rinsing cycles, only < 11 % of the analytes was recovered. For analytical 
quality aspects, however, these two rinsing cycles were included in the final analytical 
procedure. The optimum extraction procedure was established as one extraction step using 
100 mL ethyl acetate/methanol mixture (4:1 v/v) sonicated for 30 min followed by 3 rinsing 
steps, each one was sonicated for 15 min with 50 mL solvent mixture. This method was 
evaluated based on recovery experiments at different spiking levels of the target compounds, 
i.e., 4, 50 and 100 µg/kg. Recoveries were between 94 and 109 % with RSD < 12 %. These 
results indicated that combination of ethyl acetate and methanol at alkaline pH resulted in 
optimum recoveries for all target compounds. Lowest recovery 67 % with RSD ≤ 14 % was 
found for FEN at 50 µg/kg (Figure 4.16).  
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Figure 4.16: Recoveries of A: fenbendazole and B: flubendazole with corresponding 
metabolites of spiked lyophilized manure samples extracted with methanol/ethyl acetate 
mixture (1:4, v/v) at pH 9.5 via ultrasound-assisted extraction.  
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4.1.3 Soil and manured soil samples 
 
4.1.3.1 Direct solvent extraction 
 
Soil samples 
The extraction procedures checked for sand and clay soil samples were optimized with 
regard to several relevant parameters, e.g., solvent types, number of rinsing cycles after 
extraction step and pH as well as the extraction time.  First, different solvents were tested to 
select the best solvent to achieve a high extraction efficiency of the target compounds. On 
the basis of the procedure developed by Kreuzig et al. (2007), the initial experiments were 
conducted using methanol without pH adjustment.  
50 g sand soil samples were spiked with target compounds at 100 µg/kg, mixed well and 
then left at room temperature about 1 h to evaporate the spiking solvent. Subsequently, the 
spiked samples were shaken on a horizontal shaker with 100 mL at 250 rpm overnight. The 
extracted soil samples were rinsed twice with 100 mL solvent and shaken again for 2 h and 1 
h. Several solvents with different polarity and their combinations, including methanol, 
acetonitrile, acetone, ethyl acetate, methanol/ethyl acetate (1:1 or 1:4) and acetone/ethyl 
acetate (1:4) were tested. All the solvents and solvent combinations recovered most of the 
target compounds with acceptable recovery rates. Table 4.2 and 4.3 show the mean 
recoveries of target compound spiked in sand and clay soil samples at 100 µg/kg. Thus, the 
recovery rates of FEN, FEN-SO, FEN-OSO, FLU, FLU-M5 and FLU-M6 analytes were in the 
range 56 to 114 % for methanol, acetone, acetonitrile, mixtures of methanol/ethyl acetate at 
different ratios (1:1 and 1:4, v/v) and mixture of acetone/ethyl acetate (1:4).  
  
Table 4.2: Recovery rates of fenbendazole and flubendazole with corresponding metabolites from sand soil spiked at 100 µg/kg using different 
solvents (n=4) (Recovery % = concentration spiked before extraction / concentration spiked before extraction). 
 
 
Target 
compounds
Mean recoveries [%]  RSD [%] 
 
MeOH 
 
ACE 
 
ACN 
 
ET 
 
ETa 
 
MeOH/ 
ET b1 
(1:1, v/v)
 
MeOH/ 
ET b2 
(1:4, v/v)
 
MeOH/ 
ET c 
(1:4, v/v)
 
MeOH/ 
ET d 
(1:4, v/v)
 
ACE/ET 
 
(1:4, v/v)
 
ACE/ 
ET e 
(1:4, v/v)
FEN 80  3 114  8 67  4  98  26 94  6 88  7 110  4 120  2 114  8  91  12 108  20
FEN-SO 75  1  60  6 87  6 88  9 93  8 74  5  75  6 100  6 83  5 63  3  91  12 
FEN-OSO 78  1 76  5 87  7  86  11 95  7 85  6  96  5  98  5 99  7 91  1  91  14 
FLU 81  1 73  7 85  7  83  19 95  8 90  5  102  3 100  3 108  8 98  4  96  19 
FLU-M1 83  1 69  3 83  7 102  22 91  5 88  3  94  5  90  6 89  8 80  0 100  4 
FLU-M2 26  7 13  7  13  19  36  31   97  14 29  9   16  11  98  8  10  10    4  30 102  9 
FLU-M3  18  28    9  53  30  20  12  36   91  14 35  3   11  16  93  6   5  70    9  21 90  4 
FLU-M4 26  3   10  6  26  10  11  39   91  12 41  5 12  9  96  4   3  17  14  21 90  4 
FLU-M5 72  3   56  11   66  8 87  4 94  7 76  5 77  6  92  6  68  7 63  1 93  8 
FLU-M6   81 1  71  10   74  7 100  9 94  6 91  4 88  7  95  6  95  6 88  5 96  4 
 ACE: acetone; MeOH: methanol; ACN: acetonitrile; ET: ethyl acetate; (a) 35 mL ammonium chloride buffer were added;  
 (b1, 2) solvent mixture with different ratios; (c): 5 mL ammonium chloride buffer were added (d): 0.5 mL formic acid was added;  
 (e): 5 mL buffer (pH 9.5), n= 3 except FEN was 2. 
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 Table 4.3: Recovery rates of fenbendazole and flubendazole with corresponding metabolites from clay soil spiked at 100 µg/kg using different 
solvents (Recovery = concentration spiked before extraction/concentration spiked after extraction). 
 
Target 
compounds 
Mean recoveries  RSD [%] 
 MeOH (n=3) ACN (n=4) ETa  (n=3) MeOH/ET b (n=4) 
(1:4, v/v) 
FEN 78  2 84  5 94  5 100  3 
FEN-SO 58  4 47  4 98  8 100  3 
FEN-OSO 71  4 77  3   90  11   94  5 
FLU 77  6 86  3 98  7   97  2 
FLU-M1 83  4 79  3 99  7   85  8 
FLU-M2 40  5  17  11 91  8   93  3 
FLU-M3 25  8    5  38   77  82   89  8 
FLU-M4 23  6    8  15 97  5   91  4 
FLU-M5 67  6 60  3 96  8   95  1 
FLU-M6 74  3 72  3   86  13   87  7 
 MeOH: methanol; ACN: acetonitrile; ET: ethyl acetate;   
        a: 35 mL ammonium chloride buffer were added; b: 5 mL ammonium chloride buffer were added. 
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However, the obtained recoveries for FLU-M2, FLU-M3 and FLU-M4 were below 35 %. The 
target compounds were extracted with recovery rates ranged from 68 to 114 % by a mixture 
of methanol/ethyl acetate (1:4 v/v) acidified with 0.5 mL formic acid. For FLU-M3 and FLU-
M4, however, recoveries were below 5 %. At alkaline pH, using 35 mL ammonium chloride 
buffer, ethyl acetate was an efficient solvent to extract the target compounds with recovery 
ranges more > 90 % with RSD < 14 % for the sand soil. However, this procedure was not 
efficient for FLU-M3 in case of clay soil. Non repeatable results were obtained for this target 
compound reflected by recoveries of 77 % and RSD of 82 %. This may be attributed to the 
clay content of this soil that may decrease the contact of the solvent with soil particles even 
with presence of big volume of buffer solution (35 mL). Contrary, > 85 % of the spiked target 
compounds were recovered from these two differently textured soils by solvent combination, 
e.g., methanol/ethyl acetate (1:4, v/v) or acetone/ethyl acetate (1:4, v/v) at alkaline pH 
adjusted by adding 5 mL ammonium chloride buffer.  
Once the optimum extraction conditions were identified, the other parameters such as 
number of rising cycles and shaking time during the extraction step were tested. The results 
showed that two rinsing cycles after the extraction step were necessary to achieve the 
acceptable recovery ranges. The recoveries by the single extraction step were ≤ 62% for all 
of the target compounds. Approximately 40 % of the spiked target compounds were 
recovered by the second and third rinsing steps (Figure 4.17).  
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Figure 4.17: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites obtained after 1 extraction and 3 rinsing cycles from sand soil samples spiked at 
100 µg/kg using methanol/ethyl acetate (1:4, v/v) at alkaline pH. 
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It should be noted that the fortification experiments were conducted at best-case extraction 
conditions, where the target compounds were extracted directly after the fortification and 
distribution in the sample matrices to avoid any aging of the test substances. Therefore, 
there was no big difference between the obtained recoveries after 2, 6 and 8 h or shaking 
overnight (Figure 4.18). Considering the aging effect on the extractability of the target 
compounds, therefore, shaking overnight combined with two rinsing steps were chosen to 
successfully extract all target compounds from soil samples at alkaline pH. These results 
confirmed that a combination of ethyl acetate with another polar solvent such as methanol or 
acetone at alkaline pH improved the extraction efficiencies. 
The efficiency of the optimized extraction procedure to extract the target compounds from 
two differently textured soils was also examined at different spiking levels. The average 
recovery rates of all target compounds were in the range of 83 to 120 % with RSD ranging 
from 3 to 15 % at different spiking levels, i.e., 2, 4, 40 and 100 µg/kg in sand soil Figure 
4.19. At spiking level of 4 and 2 µg/kg, only FEN and FLU-M2 showed recoveries of 56 and 
70% with RSD < 13 and 21 %, respectively. This was attributed to spiking levels close to the 
method limit of quantitation (MQL). In clay soil, all target compounds were efficiently 
extracted with high recoveries rates ranging from 83 to 100 % with RSD < 16 % at different 
spiking levels, i.e., 4, 40 and 100 µg/kg.  The mean recoveries of all target compounds are 
shown in Figure 4.20.   
Taken into account that the European commission Decision 2002/657/EG (EC, 2002) for 
identification, quantitation and confirmation of organic pollutants in live animals and animal 
products accepts recoveries ranged from 50 to 120 %, 70 to 110 % and 80 to 110 % at 
spiking concentration < 1, < 10 and > 10 µg/kg respectively, while the acceptable range in 
EPA is 70 to 120 %. The results show that this method allowed the extraction of all the 
analytes at acceptable recovery ranges (Yokley et al., 2000). 
The obtained results were in agreement with those of other studies. For example, the 
obtained recoveries were 96 % for FEN and 93 % for FLU from soil sample extracted with 
ethyl acetate at pH 5.2. Only 58 % of FEN and 78 % of FLU in soil samples were recovered 
using methanol as described by Kreuzig et al. (2007). Dowiling et al., (2005) developed a 
method for the analyses of 12 benzimidazoles, e.g., FEN, FEN-SO, FEN-OSO, FLU and 
FLU-M2  in bovine liver using ethyl acetate at alkaline pH. Liver samples were extracted with 
mean recovery between 35 and 85 % with RSD < 25%. Moreover, the efficiency of the 
proposed extraction procedure to extract the target compounds from soil samples is similar 
or better than the methods described for other groups of VMP developed by different 
research groups. In a method developed for simultaneous analysis of a mixture of 
tetracyclines, e.g., chlorotetracycline and oxytetracycline, macrolides, e.g., tylosin and 
erythromycin and sulfonamide, e.g., sulfadiazine from agricultural soils, these compounds 
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were extracted using methanol at pH 4.7 at recovery rates of 50-80 % for tetracyclines and 
sulfonamide compounds and 60 to 100 % for the macrolides as described by Jacobsen et al., 
(2004). Hamscher et al. (2002) extracted oxytetracycline, tetracycline, chlortetracycline and 
tylosin form soil sample at acidic pH using citrate buffer at pH 4.7. At spiking levels from 5 to 
100 µg/kg, the recovery rates ranged from 66 to 86 %, 33 to 46 %, 57 to 76 % and 60 to 66 
% with RSD < 20, 29, 21 and 15 % for oxytetracycline, tetracycline, chlorotetracycline and 
tylosin, respectively. 
 
Manured soil samples 
The procedure optimized for extraction of target compounds from soil samples were directly 
used to extract these compounds from manured soil samples as well. The spiked samples 
with target compounds at 100 µg/kg were extracted using methanol/ethyl acetate (1:4, v/v) at 
alkaline pH. The combined extracts were rotary evaporated, cleaned up by SEC and SPE 
(SDB1) and finally analyzed by LC/MS/MS. The recovery values ranged from 84 to 94 % and 
88 to 103 % for all target compounds in manured sand and clay soil samples, respectively. 
Efficiency of the extraction procedure was also evaluated at different spiking levels. In 
manured sand soil, high recoveries rates with acceptable RSD% were obtained for all target 
compounds. The mean recoveries values ranged from 83 to 110 % with RSD ≤ 16 % for all 
the target compounds spiked at 2, 10, 50 and 100 µg/kg (Figure 4.21).  
The efficiency of the extraction procedure was tested in manured clay soil only at 2 and 100 
µg/kg spiking levels. High recovery rates were also achieved for all target compounds. At low 
spiking level, the mean recovery rates were 81 to 91 with RSD ≤ 7 %, while at high spiking 
levels recovery rates were ranged from 88 to 100 % with RSD ≤ 10 % (Figure 4.22). 
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Figure 4.18: Recovery rates of A: fenbendazole and B: flubendazole with their 
corresponding metabolites in dependency the extraction time in sand soil samples spiked at 
100 µg/kg using methanol/ethyl acetate (1:4, v/v) at alkaline pH.   
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Figure 4.19: Recovery rates of A: fenbendazole and B: flubendazole with corresponding 
metabolites spiked to sand soil samples and extracted with methanol/ethyl acetate mixture 
(1:4, v/v) at alkaline pH. 
RESULTS AND DISCUSSION 
 98
0
20
40
60
80
100
120
Absolute
recovery
(n=4)
Relative
recovery
(n=4)
Absolute
recovery
(n=4)
Relative
recovery
(n=4)
Absolute
recovery
(n=4)
Relative
recovery
(n=4)
 4µg/kg  40 µg/kg 100 µg/kg
Spiking levels
R
ec
ov
er
y 
[%
]
FEN FEN-SO FEN-OSO  
 
0
20
40
60
80
100
120
Absolute
recovery
(n=4)
Relative
recovery
(n=4)
Absolute
recovery
(n=4)
Relative
recovery
(n=4)
Absolute
recovery
(n=4)
Relative
recovery
(n=4)
 4 µg/kg  40 µg/kg 100 µg/kg
Spiking levels
R
ec
ov
er
y 
[%
]
FLU FLU-M1 FLU-M2 FLU-M3
FLU-M4 FLU-M5 FLU-M6
 
 
Figure 4.20: Recovery rates of A: fenbendazole and B: flubendazole with corresponding 
metabolites spiked to clay soil samples and extracted with methanol/ethyl acetate mixture 
(1:4, v/v) at alkaline pH. 
A
B
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Figure 4.21: Recovery rates of A: fenbendazole and B: flubendazole with corresponding 
metabolites spiked in manured sandy soil samples at different spiking levels and extracted 
with methanol/ ethyl acetate mixture (1:4, v/v) at alkaline pH. 
 
RESULTS AND DISCUSSION 
 100
A
0
20
40
60
80
100
120
Absolute recovery
(n=4)
Relative recovery
(n=4)
Absolute recovery
(n=4)
Relative recovery
(n=4)
 2 µg/kg 100 µg/kg
Spiking levels
R
ec
ov
er
y 
[%
]
FEN FEN-SO FEN-OSO
 
 
B
0
20
40
60
80
100
120
Absolute
recovery (n=4)
Relative recovery
(n=4)
Absolute
recovery (n=4)
Relative recovery
(n=4)
 2 µg/kg 100 µg/kg
Spiking levels
R
ec
ov
er
y 
[%
]
FLU FLU-M1 FLU-M2 FLU-M3 FLU-M4 FLU-M5 FLU-M6
 
Figure 4.22 Recovery rates of A: fenbendazole and B: flubendazole with corresponding 
metabolites spiked in manured clay soil samples at different spiking levels and extracted with 
methanol/ethyl acetate mixture (1:4, v/v) at alkaline pH, 
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4.1.3.2 Ultrasound-assisted solvent extraction 
 
In accordance with the analysis of lyophilized manure samples, manured sand soil samples 
were spiked with target compounds at 100 µg/kg and extracted with 100 mL methanol/ethyl 
acetate mixture (1:4, v/v) at alkaline pH using USE technique for 30 min. The extracted 
samples were rinsed twice with 100 mL of the solvent mixture for 15 min. The obtained 
recovery rates ranged from 88 to 93% with RSD ≤ 7% for all of the target compounds. Later 
on, 3 rinsing steps, two with 70 mL of and one with 60 mL the solvent mixture followed. 
Additionally, two spiking levels were used to check for their effects on the recovery. For this 
purpose, manured sand soil samples were spiked with the target compounds at 2 and 10 
µg/kg. All compounds were extracted with recovery rates ranged from 89 to 107 and 86 to 
119% with RSD ≤ 10 and 16%, respectively. Results of all target compounds extracted from 
manured sand and clay soil samples are given in Figure 4.23.  
 
In manured clay soil samples at 2 and 50 µg/kg spiking levels, the mean recovery rates for all 
target compounds were from 97 to 112 % and 88 to 98 % with RSD ≤ 17 % and 14 %, 
respectively (Figure 4.24). These results indicated that this method was feasible for analysis 
of the target compounds in different soil matrices even at low concentration levels. This may 
be attributed to USE accelerating some steps during the extraction procedure, e.g., releasing 
the analytes out of the solid matrices due to efficient contact between the solids and the 
solvent (Babic et al., 1998; Zhou et al., 2009). The compared results of recoveries between 
direct solvent extraction method with mechanical shaking and the ultrasound-assisted 
extraction are listed in Table 4.4. These results showed that the recoveries of the target 
compounds obtained by ultrasound-assisted extraction were matching with those obtained by 
the direct solvent extraction method. Thus, USE is considered as an alternative method for 
benzimidazole analysis in solid samples. Figure 4.25 shows the analytical scheme of the 
optimized methods for analysis of target compounds in soil and manured soil samples.  
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Figure 4.23: Recovery rates of A: fenbendazole and B: flubendazole with corresponding 
metabolites spiked in manured sand soil samples extracted by methanol/ethyl acetate 
mixture (1:4; v/v; pH 9.5) via ultrasound-assisted solvent extraction. 
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Figure 4.24: Recovery rates of A: fenbendazole and B: flubendazole with corresponding 
metabolites spiked in manured clay soil samples and extracted by methanol/ethyl acetate 
mixture (1:4; v/v; pH 9.5) via ultrasound-assisted solvent extraction. 
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Table 4.4: Recovery rates of fenbendazole and flubendazole with their corresponding 
metabolites in manured sand soil samples extracted by methanol/ethyl acetate mixture (1:4 
v/v) at alkaline pH via ultrasound assisted solvent extraction and direct solvent extraction 
method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
            *n = 2 
 
 
Analytes 
Manured sand soil samples 
Ultrasound-assisted 
extraction 
Direct solvent extraction 
 
10 µg/kg 
 
10 µg/kg 
Absolute 
recovery 
(n=4) 
Relative 
recovery 
(n=4) 
Absolute 
recovery 
(n=4) 
Relative 
recovery 
(n=4) 
FEN  56 ± 16 109 ± 16 55 ± 8 94 ± 8 
FEN-SO       70 ± 5 93 ± 5 73 ± 6     103 ± 6 
FEN-OSO 72 ± 6 98 ± 6 72 ± 6     103 ± 6 
FLU 69 ± 3 91 ± 3 70 ± 4 96 ± 4 
FLU-M1 71 ± 3 93 ± 3 67 ± 4 99 ± 4 
FLU-M2   57 ± 11   119 ± 11* 67 ± 5 98 ± 5 
FLU-M3 65 ± 3   93 ± 3* 71 ± 8 94 ± 8 
FLU-M4 68 ± 3   96 ± 3* 66 ± 4 93 ± 4 
FLU-M5 61 ± 7  86 ± 7 62 ± 9     102 ± 9 
FLU-M6 71 ± 7 105 ± 7   76 ± 16 110 ± 16 
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A B 
Soil samples (A) and manured soil 
samples (A and B) 
Extraction 
-100 mL shaking overnight  
Rinsing 
- 100 mL for 2h 
- 100 mL for 1 h 
Liquid-solid extraction  
MeOH-ET (1:4 v/v, pH 9.5) 
Shaking at 250 rpm  
- Filtration through folded filter paper 
- Extracts combination 
- Rotary evaporated and then reconstituted in 10 mL methanol 
- Filtration through 0.2 µm polyester filter 
Ultrasound-assisted solvent extraction  
MeOH-ET (1:4, v/v, pH 9.5) 
 
Extraction 
- 100 mL (30 min) 
 Rinsing 
- 70 mL x 2 each (15 min) 
- 60 mL (15 min) 
Clean-up procedure 
- Size exclusion chromatography (SEC) 
- Solid phase extraction (SDB1)        
LC-MS/MS 
 
Figure 4.25: Analytical scheme of the optimized methods for target benzimidazoles analysis 
in soil and manured soil samples via different extraction methods. 
 
 
4.2 Clean-up procedures 
The clean-up process of the raw extracts is a further critical step with relevant impacts on the 
subsequent analytical procedure, especially, when LC/MS/MS operating in electrospray 
ionization is used for analysis of environmental samples of high complexity and variability. 
The matrix components in manure, soil and manured soil samples can produce undesirable 
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and unpredicted effects on the responses of target compounds. Therefore, sophisticated 
clean-up procedures were needed to meet the requirements of the analytical quality 
assurance (Figure 4.26). 
 
 
 
Figure 4.26: Effect of clean-up procedure on the extracts of real and reference manure 
samples extracted by ethyl acetate or methanol. 
 
 
4.2.1 Size exclusion chromatography 
 
The raw extracts produced by different extraction procedures were initially filtered via 2-µm 
syringe polyester filters. Subsequently, SEC clean-up step was conducted using a Sephadex 
column which was successfully used by Kreuzig et al. (2007) to clean-up the extracts of 
manure and soil samples containing FEN and FLU extracted by direct solvent extraction 
using ethyl acetate. In this method, methanol containing 0.01 M acetic acid as eluent with a 
flow rate of 5 mL/min was applied as the optimum conditions for this clean-up process. At the 
beginning of presented method development, the same stationary and mobile phase was 
also used. Considering the widely different physico-chemical properties of the target 
compounds under study, the method was modified using methanol instead of acidified 
methanol to decrease the losses up to 19 % especially for the more polar metabolites. Due to 
the high complexity and variability of the analyzed matrices, extracts of different quality were 
obtained. Therefore, it was necessary to add another clean-up step to improve the quality of 
the final extracts.  
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4.2.2 Solid phase extraction 
 
Oasis HLB and SDB1 were successfully used to extract these compounds from surface 
water with recovery rates > 84 % for all of the target compounds. Concentrated extracts were 
diluted with 200 mL of deionized water, acidified using formic acid to pH 2.3 and then loaded 
on the conditioned cartridges. Both cartridges were processed individually and it was found 
that the first set of Oasis HLB cartridges were totally blocked after passing through of only 90 
mL of the samples. During extraction procedure, it was observed that the particles in diluted 
manure matrix due to emulsion formation quickly slowed down the flow, and finally blocked 
the Oasis HLB cartridges. Because of Oasis HLB could not be used under these conditions, 
it was excluded from the clean-up procedure. To avoid this problem with SDB1, a pre-
filtration with 0.6-μm glass fiber filters pre and post washed with deionized water was carried 
out before extraction using SDB1. However, this filtration step did not efficiently remove 
these particles. Thus, 5 g of sodium chloride (NaCl) were added to the diluted extracts (200 
mL), where the emulsion was completely destroyed as it can be seen in Figure 4.27. 
For elution of the loaded target compounds from these polymeric cartridges, solvents of 
different polarities and desorption power, e.g., methanol, acetonitrile and ethyl acetate were 
tested. The obtained recoveries were compared with the recoveries obtained by SDB1 
cartridges from surface water at pH 2.3 using methanol as eluting solvent, where all target 
compounds were efficiently extracted with recovery rates ranging from 84 to 116 % with RSD 
< 11 % and successfully eluted by 2 x 5 mL methanol. Under the same extraction conditions, 
recoveries rates of all target compounds were decreased in case of diluted manure samples 
and ranged from 56 to 71 % with RSD < 16 % when 2 x 5 mL methanol were used for elution 
of the target compounds (Figure 4.28). 
 
 
 
Figure 4.27: Effect of sodium chloride addition on the formation of emulsion during filtration 
by glass fiber filters. 
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The obtained recovery rates of FLU-M1, FLU-M2, FLU-M3 and FLU-M4 were 5 to 20 % 
when acetonitrile and ethyl acetate were used to elute these analytes, while the average 
recovery of FEN and FEN-SO was < 35 %, when acetonitrile was used. This decrease of the 
obtained recoveries, in the case of diluted manure matrix extracted under the same 
conditions including pH, SDB1 and methanol as desorption solvent, may be attributed to 
competition of dissolved organic matter (DOM) and other compounds present in diluted 
manure matrix with target compounds for the active adsorbing sites. The same situation was 
also observed for diluted extracts of soil and manured soil. For this reason the absolute and 
relative recoveries were calculated to identify the extraction efficiencies (relative recoveries) 
as well as to test the losses during clean-up procedures. To study the loss of target 
compounds during the clean-up procedure (SEC and SPE), the tested concentration was 
spiked at three different steps of the procedure. First (A), the tested concentration was 
spiked into the sample prior to extraction. Second (B), it was spiked immediately at the 
beginning of the clean-up procedure (SEC and SPE). Finally (C), this concentration was 
spiked after SEC and SPE (C) into the 5 mL methanolic extract. The recoveries were 
calculated as shown in Eq. 4.1 to 4.3.  
The absolute recovery = A/C (Eq. 4.1)
Relative recovery (extraction efficiency) = A/B (Eq. 4.2)
The losses during the clean up procedures = B/C (Eq. 4.2)
 
Using the latter equation absolute recoveries of the target compounds obtained after the 
clean-up procedure including SEC and SDB1 were calculated using different matrices, such 
as manure, soil and manured soil using different extraction procedures at different spiking 
levels as it can be seen in Tables 4.5 to 4.8. 
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Figure 4.28: The obtained recoveries of the target compounds extracted from diluted 
manure matrix (MM) in deionized water using SDB1 at pH 2.3 and different eluting solvents 
including methanol, acetonitrile and ethyl acetate, compared with recoveries of the target 
compounds extracted from surface water (SW) using methanol as eluent. 
 
 
4.2.3 Lipid removal using n-hexane 
 
It should be noted that the losses were not only related to SPE process but also some losses 
were observed during filtration of diluted extract using 0.6-µm glass fiber filters. 
Approximately 25 % of FEN was lost while the losses of the other target compounds were 
less than 7%. It can be assumed that more hydrophobic FEN is more lipid soluble and lost 
during glass fiber filtration. This is also the same reason for the higher losses of FEN and 
FLU when lyophilized manure sample were washed with 100 mL n-hexane to remove lipids 
as a preliminary clean-up step. The losses were 31 % for FEN and 57 % for FLU, while the 
losses were < 14 % for the other target compounds. Moreover, losses ranged from 5-19 % 
were observed when a small volume of n-hexane was used (10 mL) as washing step for 
SDB1 cartridges after sample loading (Tables 4.9). Therefore, the use of n-hexane was 
excluded from this clean-up procedure. 
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Table 4.5: The mean absolute recovery rates of the clean-up procedure including SEC and SDB1 for the fenbendazole and flubendazole  
with corresponding metabolites spiked at different concentrations into manure extracts produced by different extraction methods (n=2).  
 
 
Analytes 
Direct ethyl acetate extraction 
from liquid manure 
Direct methanol extraction 
After lyophilization 
Extraction using MeOH/ET (1:4, v/v) 
After lyophilization 
2 µg/kg 50 µg/kg 100 µg/kg 4 µg/kg 50 µg/kg 100 µg/kg 4 µg/kg 50 µg/kg 100 µg/kg 
FEN  75  11 55  12   74  12 44  8 54  2 60  7  47  11 51  1 57  5 
FEN-SO  78  13 73  12 77  3 65  5 86  4 94  4 80  3 74  5 74  9 
FEN-OSO 79  2 74  12 75  2 63  5 80  5 86  4 73  3 76  6 73  8 
FLU 69  4 74  10 80  4 63  7 77  5 82  5 67  1 72  1 79  7 
FLU-M1 79  4 75  11 76  4 67  6 85  6 89  3 77  3   69  24   90  10 
FLU-M2 60  4 39  20 72  4 63  6 74  5 84  3 72  3 75  4 74  8 
FLU-M3 56  5 56  19 74  1 68  5 78  7 71  5 84  1 77  5 84  2 
FLU-M4 66  5 39  16 76  5 68  5 85  4 93  4 71  3 75  1 85  3 
FLU-M5 79  3 71  16 76  3 69  5 81  5 89  2 77  3 75  5 81  9 
FLU-M6 71  5 72  10 77  5  85  11 79  6 82  8 67  3 85  8   79  11 
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Table 4.6: The mean absolute recovery rates of the clean-up procedure including SEC and SDB1 for the fenbendazole and flubendazole 
with corresponding metabolites spiked at different concentrations into soil extracts produced by direct solvent extraction using 
methanol/ethyl acetate (1:4, v/v) at alkaline pH (n=2). 
 
 
Analytes 
Sand soil 
 
Clay soil 
 
  2 µg/kg 4 µg/kg   40 µg/kg 100 µg/kg 4 µg/kg 40 µg/kg 100 µg/kg
FEN  49  10 69  0 70  7 62  2 67  7 66  3 72  8 
FEN-SO  91  14 86  4 82  5 92  4 80  2 78  3 85  4 
FEN-OSO  85  10 80  3 83  3 84  2 77  2 78  3 83  3 
FLU       82  8 81  4 80  1 82  3 77  2 74  1 80  5 
FLU-M1       85  9 78  5 90  3 86  5 81  1 81  1 86  3 
FLU-M2 87  12 81  1 79  1  75  21 81  4 84  2 83  8 
FLU-M3 87  11 76  2 88  2        82  9 80  1 80  1 86  3 
FLU-M4       74  10  55  25 90  4   55  15 73  3 82  1 70  8 
FLU-M5       83  3 67  3 79  1        72  1 76  4 79  3   76  13 
FLU-M6       86  13 81  5 84  2 83  3 77  4 75  3 85  6 
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Table 4.7: The mean absolute recovery rates of the clean-up procedure including SEC and SDB1 for the fenbendazole and flubendazole 
with corresponding metabolites spiked at different concentrations into manured soil extracts produced by direct solvent extraction using 
methanol/ethyl acetate (1:4, v/v) at alkaline pH (n=2). 
 
 
Analytes 
Manured sand soil 
 
Manured clay soil 
 
2 µg/kg 10 µg/kg 50 µg/kg 2 µg/kg 100 µg/kg 
FEN 54  3 59  5 52 1 72  9 55  4 
FEN-SO 75  9 71  8 73  6 82  2 85  5 
FEN-OSO 69  3 70  9 69  2 90  3 77  4 
FLU 70  11 71  5 70  5 88  2 79  1 
FLU-M1 68  5 68  1 67  2 83  11 84  3 
FLU-M2 67  4 68  2 63  7 82  1 78  2 
FLU-M3 74  3 75  3 70   4 87  2 82  3 
FLU-M4 75  5 70  1 69   9 80  1 85  1 
FLU-M5 69  4 62  5 54  5 73  1 74  1 
FLU-M6 65  20 67  8 68  1 77  15 73  9 
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Table 4.8: The mean absolute recovery rates of the clean-up procedure including SEC and SDB1 for fenbendazole and flubendazole with 
corresponding metabolites spiked at different concentration levels into manured soil extracts produced by ultrasound-assisted extraction using 
methanol/ethyl acetate mixture (1:4, v/v) at alkaline pH. 
 
 
Analytes 
Manured sand soil 
 
Manured clay soil 
 
2 µg/kg 10 µg/kg 100 µg/kg 2 µg/kg 50 µg/kg 
FEN 60  2 52  5 71  1 53  3 65  1 
FEN-SO 85  2 75  7 77  2 83  6 80  3 
FEN-OSO 80  4 70  5 79  2 79  5 81  1 
FLU 78  1 76  3 76  2 59  4 79  0 
FLU-M1 84  4 76  4 84  1 81  3 84  2 
FLU-M2   49  28 48  5 74  5   47  23 74  1 
FLU-M3 76  6 70  9 78  6   76  13 77  4 
FLU-M4 74  6 69  3 76  8   65  15 75  5 
FLU-M5 76  3 70  6 75  1          72  5 71  0 
FLU-M6 78  7   68  11 71  6   78  10 85  4 
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Table 4.9: Losses of the target compounds during the steps of clean-up optimization. 
 
Analytes 
Losses during clean-up [%] 
A B C 
FEN 57  25 17 
FEN-SO 11  0 0 
FEN-OSO 11  5 1 
FLU 31  7 2 
FLU-M1 12  0 0 
FLU-M2 13  0 1 
FLU-M3 14  0 0 
FLU-M4 11  0 0 
FLU-M5 10  3 0 
FLU-M6 10  5 0 
A: Rinsing step with 100 mL n-hexane to the lyophilized samples extracted with 
methanol (Excluded). 
B: Glass fibre filtration step (included in the optimized procedure). 
C: SDB1 washing step after loading the samples with 10 mL n-hexane (Excluded). 
 
The results of the absolute recoveries of the clean-up procedure demonstrated that the 
relevant effects of the sample heterogeneity during the clean-up procedure, especially at 
SPE step should be considered. The mean losses of the target compounds were 10 to 40% 
except FEN where the losses may be increased to > 50 % due to glass fibre filtration step, 
especially at spiking levels close to the limit of quantitation. 
 
 
4.3 Optimization of HPLC/UVD analysis 
 
Several parameters, such as peak shape, resolution and run time, were considered in the 
chromatographic method developed for simultaneous analysis of FEN and FLU with 
corresponding metabolites. Therefore, the selection of stationary and mobile phases in 
addition to the gradient programming, were the main relevant parameters. Benzimidazoles 
are intermediately polar and weakly basic compounds with wide ranges of physio-chemical 
properties. Hence, reversed phase (RP) including C8 or C18 columns are frequently used in 
the analysis of these compounds (Danaher et al., 2007). Most of these stationary phases are 
silica-based bonded phases chemically modified at their surfaces in order to reduce the 
polarity. The basic compounds such as benzimidazole compounds under acidic condition are 
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usually suffering from peak tailing due to strong silanophilic interaction between protonated 
analytes and these stationary phases containing free silanol groups. The majority of the 
HPLC methods for the determination of benzimidazoles have been thus developed using ion 
pair chromatography to solve this problem (Botsoglou et al., 1997). In this work, however, 
Zorbax Eclipse XDB endcapped columns (150 mm x 4.6 mm, 5 µm), which are specially 
designed to reduce or eliminate this strong adsorption of basic drugs, were selected. Eclipse 
XDB columns realize a wide useable range of pH from 2 to 9 (Agilent ZORBAX Column 
Selection Guide for HPLC, Internet). Thus, it was well suited for the initial method 
development at pH 3 to provide high resolution and excellent peak shape of target 
compounds without any needs for ion pair reagents. For separation a complex sample 
mixture such as FEN and FLU with corresponding metabolites, a gradient HPLC system 
instead of an isocratic system was used. In the terms of physio-chemical properties, 
considerable differences in the chromatographic behavior between parent compounds and 
their corresponding metabolites were expected. Therefore, the more polar FLU metabolites 
and FEN-OSO characterized were by rapid elution times, necessitating the use of a high 
initial aqueous percentage in the mobile phase to retain these metabolites. Thereafter, the 
acetonitrile contents increased over time until the most hydrophobic analytes were eluted. 
Moreover, the acetonitrile content increased during the analysis to 100% after elution of 
highly hydrophobic substances for few minutes to clean the column. Finally, the initial 
percentage of the mobile phase was adjusted again during the equilibration period. 
In addition to their stability over a wide pH range and at high temperature ≤ 90 ºC, 
endcapped columns are able to prevent the collapse of stationary phase due to high 
percentage of the aqueous phase at the beginning of the gradient system (Díaz-Cruz and 
Barceló, 2006). For this purposes, Zorbax endcapped C18 columns are equipped with 
densely covered and strictly protected dimethyl-n-octadecylsilane as present in Eclipse XDB-
C18 columns, respectively. A number of preliminary experiments were performed to 
determine the optimum conditions for target compounds separation using these columns. All 
of the target compounds were separated using a mobile phase consisted of 0.5 % formic 
acid in water as mobile phase A. Phase B consisted of acetonitrile and phase A (75:25, v/v), 
respectively, using the Zorbax Eclipse XDB-C18 column (150 mm x 4.6 mm, 5 μm; Agilent 
Technologies, Santa Clara, CA, USA). The injection volume was 10 µL. Flow rate was 1 
mL/min at ambient temperature (Figure 4.29). Using the mentioned chromatographic 
conditions, well resolved sharp peaks were achieved without any peak tailing for all target 
compounds. It should be noted that addition of formic acid was important for analytes 
separation in order to decrease the number of free silanol groups, improving the peak shape 
(Maraschiello et al., 2001). 
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1: FLU-M3, 2: FLU-M5, 3: FLU-M4, 4: FEN-SO, 5: FLU-M1, 6: FLU-M2,  
7: FEN-OSO, 8: FLU, 9: FLU-M3, 10: FEN 
 
Figure 4.29: HPLC/UVD chromatogram of fenbendazole and flubendazole with 
corresponding metabolites at 10 ng/µL methanol, recorded at λ = 280nm. 
 
At the beginning of HPLC/UVD experiments, wavelength selection was based on the already 
published values (Danaher et al., (2007). As applied by constant wavelength detectors, λ = 
254 nm was used first for the target compounds detection. However, sufficient signal 
intensity for some of these compounds was not found because the detection did not meet the 
substance specific UV absorption maxima. The problem overcame by coupling of HPLC with 
the photodiode array detector (HPLC/DAD). According to the recorded UV absorption 
spectra, the maximum absorbance of the target benzimidazoles was identified at λ = 280 nm 
(Figure 4.30) Hence, substance identification and quantitation based on retention time 
comparison and specific wavelength detection.  
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                   1: FEN, 2: FEN-SO, 3: FEN-OSO, 4: FLU, 5: FLU-M1, 6: FLU-M2,  
                   7: FLU-M3, 8: FLU-M4, 9: FLU-M5, 10: FLU-M6 
 
Figure 4.30: UV absorption spectra of fenbendazole and flubendazole with corresponding 
metabolites at 25 ng/µL methanol, recorded by HPLC/DAD. 
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4.4 Optimization of LC/MS/MS experiments  
The mass spectrometric behavior of the parent compounds using the methanolic standard 
solutions was initially examined by direct infusion analysis using Q1 and PI scans. For this 
purpose, different ionization sources, e g., ESI and APCI, as well as different ionisation 
modes, e g., positive and negative ionization modes were applied. All the target compounds 
were more sensitively detectable with ESI in positive ionization mode. Merely, signals of low 
intensities were recorded for all of the compounds in negative ionization mode. During the 
acquisition of the full scan spectra of benzimidazole compounds, the precursor ions were 
determined for all analytes in form of [M+H]+. Abundant [M+Na]+ sodium adducts were 
observed for FEN, FEN-SO, FEN-OSO and FLU. Therefore, addition of formic acid was 
necessary to avoid adduct formation. Without any additives, alkali metal content of the 
samples or the mobile phase can strongly form adducts and affecting the final method 
sensitivity. It should be noted that sodium adducts of FLU and FLU-M1 were also reported in 
the study performed by Nobilis et al. (2007). Moreover, formic acid is well known as efficient 
reagent used to prevent adduct formation and to promote the formation of the precursor ions 
[M+H]+ in positive ESI mode via enhancement of the protonation process as described by 
Díaz-Cruz and Barceló et al. (2006). Figure 4.31 shows [M+H]+ for FLU compound with 
[M+Na]+, where the adduct ion formation was avoided after formic acid addition. Further 
mass spectra are shown in the Appendix, Figure A1.  
Infusion analysis of individual compounds also permitted the selection of product ions and 
the optimization of compound dependent parameters to enhance the method sensitivity for 
each compound. Figure 4.32 to 4.35 show Q1 and PI spectra of FLU, FLU-M1, FEN and 
FEN-SO. Further mass spectra in positive and negative ionization modes are presented in 
the Appendix, Figure A2 and A3. During this procedure, it was necessary to select different 
product ions for each target compounds to have high degree of method specificity, especially 
in one mixture containing isobaric molecules such as FEN-SO and FLU-M1 (m/z 315, Figure 
4.33 and 4.35) or six metabolites of one parent compound with nearly the same 
fragmentation patterns, e.g., FLU and FLU-M2 as shown in Figure 4.36. In this method, the 
transition with highest intensity was selected as quantitation ion and another one as 
qualification ion considering the above mentioned concept about specificity. For this purpose, 
full scan spectra, e.g., Q1 and product ion of the target compounds were determined using 
methanol acidified with formic as LC-eluent. 
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Figure 4.31: Mass spectra of flubendazole recorded in the full scan mode (ESI+, Q1 scan) 
showing A: the precursor ion with the corresponding sodium adduct in methanol, B: sodium 
adduct was avoided by adding formic acid in methanol. 
A 
B 
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Figure 4.32: Mass spectra of flubendazole A:  Q1 (MS) showing precursor ion of 314.2 m/z, 
B: product ion (MS/MS) showing different fragments of flubendazole (50 pg/µL methanol) in 
positive electrospray ionization mode (ESI+). 
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Figure 4.33: Mass spectra of flubendazole metabolite (FLU-M1) A: Q1 (MS) showing the 
precursor ion of 316.2 m/z, B: product ion (MS/MS) showing different fragments (50 pg/µL 
methanol) in positive electrospray mode. 
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Figure 4.34: Mass spectra of fenbendazole A: Q1 (MS) showing the precursor ion of 300 
m/z, B: product ion (MS/MS) showing different fragments of fenbendazole (50 pg/µL 
methanol) in positive electrospray mode. 
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Figure 4.35: Mass spectra of fenbendazole sulfoxide A: Q1 (MS) showing the precursor ion 
of 316.2 m/z, B: product ion (MS/MS) showing different fragments (50 pg/µL methanol) in 
positive electrospray mode. 
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Figure 4.36: Product ion spectra of A: flubendazole, B: flubendazole metabolite (FLU-M2) in 
positive electrospray ionization mode showing nearly the same fragmentation patterns. 
 
When formic acid was added to the mobile phase at different amounts, it was found that 0.01 
% of formic acid was the most efficient one for sensitivity enhancement (Figure 4.37). 
However, insufficient resolution was obtained. Hence, it was necessary to re-optimize the 
chromatographic separation using 0.01 % of formic acid, where under these conditions 
higher ionization efficiency can be obtained as well as no adducts will be formed. 
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Figure 4.37: Effects of formic acid (FA) addition to the mobile phase at different 
concentrations on the ionisation efficiency of fenbendazole, flubendazole and their 
corresponding metabolites (100 pg/µL) in positive electrospray ionization mode.  
 
Various mobile phases consisting of methanol or acetonitrile and water with formic acid were 
tested to obtain the maximum signal intensities during LC/MS/MS analysis at highest 
separation capacity. The effects of the mobile phase composition on the target compound 
separation and ionization efficiency were identified using 0.01% of formic acid as mobile 
phase additive when acetonitrile was applied instead of methanol (Figure 4.38). Moreover, to 
determine the optimum LC flow rate, the peak area of the target compounds were measured 
at flow rate 1 and 0.5 mL/min. A sensitivity decrease of approximately 50 % was observed at 
higher flow rate. However, separation of all the target compounds with narrow peak width 
and relatively faster run times in addition a sufficient sensitivity to detect the target 
compounds al low concentrations were achieved using 1 mL/min. Finally, 7 µL were selected 
as the optimum injection volume to avoid peak fronting or peak broadening. 
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Figure 4.38: Effect of mobile phase composition (methanol versus acetonitrile) on the 
ionisation efficiency of fenbendazole, flubendazole and their corresponding metabolites using 
0.01% of formic acid as additive (100 pg/µL).  
 
The optimum operational conditions were achieved using mobile phase A which consisted of 
10 % acetonitrile in water (v/v) with 0.01% formic acid while phase B consisted of pure 
acetonitrile. Reasons were the following:  Ten analytes were ionized with highest ionization 
efficiency. Acetonitrile with formic acid gave full chromatographic separation for all the target 
compounds. Based on the mentioned chromatographic conditions and compounds 
dependent parameters, the ion source parameters were optimized and finally MRM method 
was created. Figures 4.39 to 4.41 exhibit full separation for all target compounds using 
MRM/ESI in positive and negative ionization modes. A wide gradient from 10 % to 100% 
acetonitrile were required to achieve full chromatographic separation due to the wide range 
of polarity in the target compounds. Therefore, FEN-SO and FLU-M1, having the same 
precursor ion (315 m/z) were successfully identified not only based on the MRM transitions 
but also on their retention time (RT). Several samples were analyzed by LC/MS/MS using 
ESI and APCI and it was found that ESI ionization was more sensitive for the analysis of 
fenbendazole and flubendazole with corresponding metabolites (Figure 4.42). Additionally, 
APCI chromatograms were recorded in positive and negative ion modes (Figure 4.43) 
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FLU-M3 (RT, 3.81), FLU-M4 (RT, 4.72), FLU-M2 (RT, 6.17), FLU-M1 (RT, 8.06), FLU-M5 
(RT, 9.48), FEN-SO (RT, 10.11), FLU-M6 (RT, 17.13), FEN-OSO (RT,18.31), FLU (RT, 
24.03), IS (RT, 29.68), FEN (RT, 29.98) 
 
Figure 4.39: Total ion current chromatogram of fenbendazole and flubendazole with 
corresponding metabolites in positive mode and negative modes using electrospray 
ionization source. 
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Figure 4.40: Extracted ion chromatograms of fenbendazole and flubendazole with 
corresponding metabolites (500 pg/µL methanol) using electrospray ionization in positive ion 
mode. 
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Figure 3.41: Extracted ion chromatograms of fenbendazole and flubendazole with 
corresponding metabolites (200 pg/µL methanol) using electrospray ionization in negative ion 
mode. 
 
 
TIC
FLU-M3
FLU-M4
FLU-M2
FLU-M1
FLU-M5
FEN-SO
FLU-M6
FEN-OSO
FLU
FEN
RESULTS AND DISCUSSION 
 130
0,0E+00
5,0E+06
1,0E+07
1,5E+07
2,0E+07
2,5E+07
3,0E+07
3,5E+07
FE
N
FE
N-
SO
FE
N-
OS
O
FL
U
FL
U-
M1
FL
U-
M2
FL
U-
M3
FL
U-
M4
FL
U-
M5
FL
U-
M6
Target compounds
P
ea
k 
ar
ea
ESI APCI
 
Figure 3.42: Signal intensities of electrospray (ESI) and atmospheric pressure chemical 
ionization (APCI) at 500-pg/µL standard mixture of fenbendazole and flubendazole with 
corresponding metabolites in methanol. 
 
An explanation of the fragmentation route for the various compound molecules into the 
product ions, as summarised in Table 3.6 and 3.7, are suggested as the following: 
fragmentation of FLU and FEN with corresponding metabolites in the 4000 QTRAP 
LC/MS/MS system exhibited characteristic fragmentation with the ESI (+) source. The 
fragmentation process of the investigated FEN and its metabolites produces a fragment with 
m/z 159 which is characteristic for FEN and its metabolites. The latter is corresponding to [M-
OCH3-SC6H5]+, [M-OCH3-SOC6H5]+ or [M-OCH3-S2OC6H5]+ of FEN, FEN-SO and FEN-OSO, 
respectively. The other fragments with m/z 268.1, 300.0 and 191.0 were obtained by loss of 
–OCH3 form the chemical structure of FEN, FEN-OSO and [MSOC6H5]+ for FEN-SO, 
respectively. The common fragments of FLU and its metabolites were m/z 123 and 95. 
These are corresponding to OC7H4F and C6H4F respectively. The other fragments with m/z, 
282 and 284.2 were obtained by the loss of –OCH3 from FLU and FLU-M1, m/z 240.2 and 
m/z 134.2 of FLU-M3 originated from [M–NH3]+ and [M-OC7H4F]+. The fragment with m/z 
148.1 originated from [M-OC7H4F]+ of FLU-M4, while m/z 97.2 originated from [M–174 Da ]. It 
should be noted that the suggested fragmentation patterns of FEN, FEN-SO and FLU are in 
agreement with those suggested by De Ruyck et al., (2002). 
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FLU-M3 (RT, 3.75), FLU-M4 (RT, 4.65), FLU-M2 (RT, 6.10), FLU-M1 (RT, 7.93), FLU-M5 
(RT, 9.28), FEN-SO (RT, 9.81), FLU-M6 (RT, 16.78), FEN-OSO (RT,17.97), FLU (RT, 
23.66), IS (RT, 29.60), FEN (RT, 29.90) 
 
Figure 4.43: Total ion current chromatograms of fenbendazole and flubendazole with 
corresponding metabolites in positive mode and negative modes (200 pg/µL methanol) using 
atmospheric pressure chemical ionization source (APCI). 
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4.5 Method validation 
 
4.5.1 Recovery tests  
 
In surface water samples, absolute recoveries were determined by analyzing spiked surface 
water samples at 5 and 25 µg/L (n = 7 and 4, respectively) using SDB 1 cartridges and 
HPLC/UVD instruments. In LC/MS/MS water samples were spiked with the target 
compounds at 0.1, 0.2 and 1 µg/L, respectively. The typical recoveries in surface water 
samples ranged from 84 % to 118 % using either HPLC/UVD or LC/MS/MS (Table 4.10).  
Relative recoveries were calculated for manure, soil and manured soil. For manure samples, 
the range of percentage recoveries for all of the target compounds was 78 to 116 %, 76 to 
106 % and 94 to 118 % with RSD ≤ 19, 14 and 12 %, respectively. Here, manure samples 
were extracted directly using ethyl acetate at pH 9.5 or after lyophilization using methanol or 
methanol/ethyl acetate mixture (1:4, v/v) at alkaline pH via USE, respectively. The recovery 
marginally fell below the acceptable recovery rate once, i.e., 67 % with RSD = 4 % for 
fenbendazole at 50 µg/kg extracted via USE.   
The mean recoveries of the target compounds spiked to soil samples and extracted using 
methanol/ethyl acetate mixture (1:4, v/v) at alkaline pH ranged from 70  to 104 % and 83 to 
99 % with RSD < 21 % for sand and clay soil samples, respectively. At 4 µg/kg spiking level 
in sand soil samples, the recoveries of FEN and FLU-M5 were 56 and 120 % with RSD < 13 
and 9 %. Near MQL, those values are acceptable as well (EC, 2002).  In the manured soil 
samples directly extracted using methanol/ethyl acetate mixture (1:4, v/v) at alkaline pH, the 
recoveries ranged from 84 to 116 % and 81 to 103 % with RSD ≤ 20 and 10 %. After USE, 
mean recoveries were 86 to 119 % and 88 to 112 %, respectively. These values were 
calculated for the target compounds individually with at least three different spiking levels 
and 3 to 4 replicates for each. 7 replicates were analyzed only at 2 µg/kg for of manure, sand 
soil and manured sand soil samples directly solvent extracted.  
In general the calculated recoveries in this study matched those of already published data. 
For example, the obtained recovery range of FEN, FEN-SO, FEN-OSO and FEN-OH spiked 
in milk samples was 83 to 91 % with RSD <  6 % (Fletouris et al., 1996). Dowling et al. 
(2005) reported that 27 to 92 % of 12 benzimidazole compounds including, FEN, FEN-SO, 
FEN-OSO, FLU and FLU-M2, spiked in liver samples using ethyl acetate extraction at 
alkaline pH were recovered. In water samples, Van De Steene and Lambert (2008) 
determined 9 basic pharmaceuticals including FLU in wastewater and surface water 
samples, where the recoveries ranged from 90 to 105 %. Balizs (1999) extracted a mixture of 
15 benzimidazoles, including FEN, FEN-SO, FEN-OSO and FLU, spiked in pig muscle 
tissue. As clean-up procedure, the samples were extracted by ethyl acetate and then 
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followed by solid-phase extraction on SDB1 cartridges. The obtained recoveries of the 
majority of the target compounds were below 60 %.  
In the present work, however, there was no relevant difference between the obtained 
recoveries at low and high spiking levels for all of the target compounds in the different 
sample matrices under study. 
 
 
4.5.2 Accuracy and precision test 
 
All correlation coefficients of solvent calibration curves at different levels were >0.995, 
reflecting high linearity and precision of the substance specific responses. To validate the 
precision of the proposed methods, repeatability and intermediate precision were examined 
for the target compounds in surface water, manure, soil and manured soil. In surface water 
samples using SDB1 cartridges and LC/MS/MS at pH 2.3, repeatability and intermediate 
precision were usually found less than 20 % for the target compounds spiked at 0.1, 0.2 and 
1 µg/L in water samples (Table 4.11). In this test series, 3-4 replicates for each concentration 
were measured in one day and repeated for two other days. Due to the time consuming 
manure and soil analysis, 3 spiking levels (n= 3-4) of the target compounds were used to test 
these parameters. Only in manured clay soil samples treated by direct solvent extraction or 
USE, these parameters were tested at 2 and 100 µg/kg. Each spiking level (n=4) was 
analyzed in separate days and the repeatability was calculated. Intermediate precision was 
calculated as average of RSD % values of the calculated repeatability in these 3 days.  
RSD % ≤ 19, 16 and 12 % were gained for manure sample after direct ethyl acetate 
extraction at alkaline pH, after lyophilization and direct methanol extraction of the manure 
solids and after USE using methanol/ethyl acetate mixture at alkaline pH, respectively. 
Except of FEN in case of the sample extracted via USE technique and spiked with 50 µg/kg, 
where RSD was 27 % (Table 4.12 to 4.14). For the soil samples extracted using 
methanol/ethyl acetate mixture at alkaline pH, RSD % were ≤ 21 % for all target compounds 
spiked in sand soil and 15 % in clay soil samples (Table 4.15 and 4.16). In the manured 
sand and clay soil samples directly extracted using methanol/ethyl acetate mixture at alkaline 
pH, RSD % were ≤ 20 and 10 %, respectively. After USE, RSD were 16 and 17 %, 
respectively. Only at 2 µg/kg, RSD were 25 % for FEN and 23 % for FLU-M2 (Table 4.17 to 
4.19). 
Method accuracy was calculated as relative error bias [accuracy (%) = 100 x ((C spiked –C 
determined)/C spiked)] at different spiking levels. The accuracy of the method was studied by 
analyzing zero samples from different sample matrices spiked at 3 levels in 3 to 4 replicates. 
In general, accuracy for most of the target compounds in water, manure, soil and manured 
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soil were less than ≤ 25% except of FEN metabolite and FLU with corresponding 
metabolites, FEN at 50 µg/kg in liquid manure samples extracted via ethyl acetate and FLU-
M2 at 2 µg/kg in sand soil sample. These results definitely confirm that the developed 
method is of high precision and accuracy enabling the analytical determination of FEN and 
FLU with corresponding metabolites in complex sample matrices at low µg/kg.  
 
 
Table 4.10: Recovery rates of fenbendazole and flubendazole with corresponding 
metabolites spiked in surface water samples extracted using styrene-divinylbenzene 
cartridges at pH 2.3 and finally analyzed using HPLC/UVD and LC/MS/MS. 
 
 
Analytes 
HPLC/UVD 
Recovery [%] ± RSD [%] 
LC/MS/MS  
Recovery [ %] ± RSD [%] 
5 µg/L 
(n =7) 
25 µg/L 
(n =4) 
0.1 µg/L 
(n =7) 
0.2 µg/L 
(n =6) 
1 µg/L 
(n =4) 
FEN     99  11    96   10   109   11  98   9   84   6 
FEN-SO 100   4  98   7 111   8  106   11   94   5 
FEN-OSO 107   6  99   8 111   6    107   8   88   7 
FLU   97   7  92   5   108   13    87   17   84   7 
FLU- M1 102   4  99   5 104   8  98   5 103   5 
FLU-M2 100   7  98   5 105   6    97   13 105   4 
FLU-M3     98   11    100   5   111   11  97   9 116   8 
FLU-M4   107   13      99   4 113   8  88   7 118   8 
FLU-M5   96   7      97   6 105   6  97   8 100   6 
FLU-M6  95   8  97   7 108   7    110   7 102   3 
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Table 4.11: Repeatability, intermediate precision and accuracy of the LC/MS/MS analysis of fenbendazole and flubendazole with 
 corresponding metabolites in surface water samples. 
 
Analytes 
Repeatability Intermediate  Precision Accuracy 
0.1 µg/L 
(n =6) 
0.2 µg/L 
(n =6) 
1 µg/L 
(n =4) 
0.1µg/L 
(n =16) 
0.2 µg/L 
(n =14) 
1 µg/L 
(n =12) 
0.1 µg/L 
(n =16) 
0.2 µg/L 
(n =14) 
1 µg/L 
(n =12) 
FEN 14 17 8 7 11 6 -10 -23 -15 
FEN-SO 7 8 5 6 9 5 -2 -4 -9 
FEN-OSO 10 11 7 7 10 6 -5 -5 -12 
FLU 11 9 6 7 8 6 -9 -13 -16 
FLU- M1 8 5 4 5 6 5 -4 -1 -3 
FLU-M2 8 13 7 9 10 7 -6 -2 -3 
FLU-M3 11 9 8 9 8 5 1 2 3 
FLU-M4 8 7 9 7 6 6 -1 -3 3 
FLU-M5 11 9 5 6 9 6 -5 -5 -5 
FLU-M6 5 7 6 5 6 4 -1 6 -2 
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Table 4.12: Repeatability, intermediate precision and accuracy of the LC/MS/MS analysis of 
fenbendazole and flubendazole with corresponding metabolites in liquid manure samples 
directly extracted with ethyl acetate at pH 9.5. 
 
Analytes 
Spiked 
concentration 
[µg/kg] 
Precision 
(repeatability) 
RSD [%] 
Precision 
(intermediate) 
RSD [%] 
Accuracy  
[%] 
 
FEN 
2* 19  
1 
-14 
10** 3 -15 
100*** 9 -14 
 
FEN-SO 
2* 11  
13 
-6 
10** 8 11 
100*** 16 -14 
 
FEN-OSO 
2* 11  
9 
-10 
10** 9 6 
100*** 18 -6 
 
FLU 
2* 17  
11 
-8 
10** 4 8 
100*** 8 -12 
 
FLU-M1 
2* 13  
7 
-4 
10** 4 -2 
100*** 8 -14 
FLU-M2 
2* 14  
12 
-2 
10** 16 -22 
100*** 7 -15 
 
FLU-M3 
2* 12  
9 
-7 
10** 2 -4 
100*** 6 -18 
 
FLU-M4 
2* 17  
9 
-7 
10** 17 -22 
100*** 8 -16 
 
FLU-M5 
2* 12  
10 
-1 
10** 5 4 
100*** 8 -14 
 
FLU-M6 
2* 6  
15 
-7 
10** 11 16 
100*** 8 -12 
* n = 7, ** n = 4 and *** n = 3 
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Table 4.13: Repeatability, intermediate precision and accuracy of the LC/MS/MS analysis of 
fenbendazole and flubendazole with corresponding metabolites in lyophilized manure 
samples after direct methanol extraction at original pH. 
 
Analytes 
Spiked 
concentration 
[µg/kg] 
(n = 4) 
Precision 
(repeatability) 
RSD [%] 
Precision 
(intermediate) 
RSD [%] 
 
Accuracy 
[%] 
 
FEN 
4 8  
16 
6 
10 12 -18 
100 8 -24 
 
FEN-SO 
4 5  
10 
-13 
10 8 -15 
100 4 -8 
 
FEN-OSO 
4 6  
11 
5 
10 9 -14 
100 6 -10 
 
FLU 
4 6  
10 
2 
10 10 -14 
100 6 -12 
 
FLU-M1 
4 5  
10 
2 
10 7 -16 
100 3 -12 
 
FLU-M2 
4 6  
4 
3 
10 7 -5 
100 3 -3 
 
FLU-M3 
4 5  
10 
2 
10 7 -17 
100 5 -4 
 
FLU-M4 
4 5  
8 
3 
10 7 -13 
100 4 -3 
 
FLU-M5 
4 5  
11 
6 
10 6 -15 
100 2 -3 
 
FLU-M6 
4 4  
5 
-5 
10 14 -13 
100 8 -12 
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Table 4.14: Repeatability, intermediate precision and accuracy of the LC/MS/MS analysis of 
fenbendazole and flubendazole with corresponding metabolites in lyophilized manure 
samples after ultrasound assisted extraction with methanol/ethyl acetate (1:4; v/v; pH 9.5). 
 
Analytes 
Spiked 
concentrations 
[µg/kg] 
(n = 4) 
Precision 
(repeatability) 
RSD [%] 
Precision 
(intermediate) 
RSD [%] 
 
Accuracy 
[%] 
FEN 
4 6  
27 
18 
50 4 -33 
100 6 3 
FEN-SO 
4 2  
1 
3 
50 5 5 
100 9 9 
 
FEN-OSO 
4 3  
4 
8 
50 5 5 
100 12 12 
 
FLU 
4 3  
6 
7 
50 4 -6 
100 12 1 
 
FLU-M1 
4 3  
4 
-1 
50 4 6 
100 6 0 
 
FLU-M2 
4 4  
3 
2 
50 6 -3 
100 10 2 
 
FLU-M3 
4 11  
3 
4 
50 5 -2 
100 9 1 
 
FLU-M4 
4 6  
4 
1 
50 5 3 
100 8 -4 
 
FLU-M5 
4 5  
3 
4 
50 5 3 
100 9 -1 
 
FLU-M6 
4 10  
6 
1 
50 3 9 
100 9 -2 
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Table 4.15: Repeatability, intermediate precision and accuracy of the LC/MS/MS analysis of 
fenbendazole and flubendazole with corresponding metabolites in sand soil samples directly 
extracted using methanol/ethyl acetate (1:4, v/v, pH 9.5). 
 
Analytes 
Spiked 
concentration 
[µg/kg] 
 
Precision 
(repeatability) 
RSD [%] 
Precision 
(intermediate) 
RSD [%]  
 
Accuracy 
[%] 
 
FEN 
2* 9  
12 
1 
40** 7 -17 
100*** 14 4 
 
FEN-SO 
2* 9  
9 
-15 
40** 6 -12 
100*** 8 0 
 
FEN-OSO 
2* 8  
8 
-15 
40** 5 -14 
100*** 1 -2 
 
FLU 
2* 5  
9 
-14 
40** 5 -16 
100*** 1 -1 
 
FLU-M1 
2* 10  
10 
-12 
40** 4 -14 
100*** 1 3 
 
FLU-M2 
2* 21  
17 
-30 
40** 5 -11 
100*** 10 -1 
 
FLU-M3 
2* 9  
9 
-12 
40** 7 -14 
100*** 9 -5 
 
FLU-M4 
2* 10  
10 
-11 
40** 4 -15 
100*** 15 3 
 
FLU-M5 
2* 7  
6 
1 
40** 8 -19 
100*** 7 -2 
 
FLU-M6 
2* 11  
11 
-17 
40** 5 -11 
100*** 5 2 
* n = 7, ** n = 4 and *** n = 3 
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Table 4.16: Repeatability, intermediate precision and accuracy of the LC/MS/MS analysis of 
fenbendazole and flubendazole with corresponding metabolites in clay soil samples directly 
extracted using methanol/ethyl acetate (1:4, v/v, pH 9.5). 
 
Analytes 
Spiked 
concentration 
(µg/kg) 
(n = 4) 
Precision 
(repeatability) 
RSD [%] 
Precision 
(intermediate) 
RSD [%] 
 
Accuracy 
[%] 
 
FEN 
4 13 
2 
- 3 
40 8 - 1 
100 3 - 1 
 
FEN-SO 
4 3 
2 
- 7 
40 5 - 4 
100 5 - 6 
 
FEN-OSO 
4 2 
3 
- 1 
40 5 - 4 
100 3 - 6 
 
FLU 
4 4 
1 
- 1 
40 6 - 3 
100 2 - 3 
 
FLU-M1 
4 4 
6 
 - 14 
40 4 - 4 
100 3 - 7 
 
FLU-M2 
4 5 
4 
 - 13 
40 3 -10 
100 1 - 5 
 
FLU-M3 
4 3 
5 
 - 17 
40 6 - 9 
100 7  - 13 
 
FLU-M4 
4 7 
1 
 - 17 
40 15  - 17 
100 8  - 15 
 
FLU-M5 
4 9 
3 
 - 15 
40 6  - 10 
100 8  - 11 
 
FLU-M6 
4 4 
2 
- 6 
40 7 - 8 
100 4 - 9 
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Table 4.17: Repeatability, intermediate precision and accuracy of the LC/MS/MS analysis of 
fenbendazole and flubendazole with corresponding metabolites in manured sand soil 
samples directly extracted using methanol/ethyl acetate (1:4, v/v, pH 9.5). 
 
Analytes 
Spiked 
concentration 
[µg/kg] 
(n = 4) 
Precision 
(repeatability) 
RSD [%] 
Precision 
(intermediate) 
RSD [%]  
 
Accuracy 
[%] 
 
FEN 
2* 25  
13 
16 
10 8 -6 
100 12 -7 
 
FEN-SO 
2* 18  
11 
5 
10 6 3 
100 7 -14 
 
FEN-OSO 
2* 19  
12 
12 
10 6 3 
100 7 -12 
 
FLU 
2* 19  
11 
15 
10 4 -4 
100 7 -6 
 
FLU-M1 
2* 17  
10 
7 
10 4 -1 
100 8 -3 
 
FLU-M2 
2* 18  
11 
10 
10 5 -2 
100 8 -12 
 
FLU-M3 
2* 18  
8 
0 
10 8 -6 
100 5 -15 
 
FLU-M4 
2* 16  
8 
-2 
10 4 -7 
100 7 -14 
 
FLU-M5 
2* 18  
9 
2 
10 9 12 
100 7 -12 
 
FLU-M6 
2* 20  
14 
13 
40 16 10 
100 12 -13 
* n = 7 
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Table 4.18: Repeatability, intermediate precision and accuracy of the LC/MS/MS analysis of 
fenbendazole and flubendazole with corresponding metabolites in manured clay soil samples 
directly extracted using methanol/ethyl acetate (1:4, v/v, pH 9.5). 
 
 
Analytes 
Spiked 
concentration 
(µg/kg) 
Precision 
(repeatability) 
RSD [%] 
Precision 
(intermediate) 
RSD [%] 
Accuracy 
[%] 
FEN 
2 7 
17 
-19 
100 4 3 
FEN-SO 
2 3 
2 
-11 
100 5 -8 
FEN-OSO 
2 3 
11 
-15 
100 7 1 
FLU 
2 5 
5 
-9 
100 5 -3 
FLU-M1 
2 2 
6 
-16 
100 6 -8 
FLU-M2 
2 6 
5 
-10 
100 4 -3 
FLU-M3 
2 7 
8 
-15 
100 10 -5 
FLU-M4 
2 4 
1 
-13 
100 6 -12 
FLU-M5 
2 6 
5 
-13 
100 6 -5 
FLU-M6 
2 9 
10 
-11 
100 5 3 
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Table 4.19: The repeatability, intermediate precision and accuracy of the LC/MS/MS analysis 
fenbendazole and flubendazole with corresponding metabolites in manured sand soil 
samples ultrasound assisted extracted using methanol/ethyl acetate (1:4, v/v, pH 9.5). 
 
Analytes 
Spiked 
concentration 
[µg/kg] 
(n = 4) 
Precision 
(repeatability) 
RSD [%] 
Precision 
(intermediate) 
RSD [%] 
 
Accuracy 
[%] 
 
FEN 
2 6  
9 
1 
10 16 9 
100 5 -9 
 
FEN-SO 
2 5  
1 
-8 
10 5 -7 
100 6 -7 
 
FEN-OSO 
2 7  
4 
-7 
10 6 -2 
100 5 -9 
 
FLU 
2 6  
4 
-4 
10 3 -9 
100 4 -11 
 
FLU-M1 
2 8  
3 
-11 
10 3 -7 
100 3 -12 
 
FLU-M2 
2 23  
11 
7 
10 11 19 
100 8 -4 
 
FLU-M3 
2 2  
1 
-9 
10 3 -7 
100 6 -8 
 
FLU-M4 
2 9  
1 
-6 
10 3 -4 
100 5 -6 
 
FLU-M5 
2 10  
8 
-7 
10 7 -14 
100 5 -10 
 
FLU-M6 
2 9  
6 
-1 
40 7 5 
100 7 -7 
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Table 4.20: The repeatability, intermediate precision and accuracy of the LC/MS/MS analysis 
fenbendazole and flubendazole with corresponding metabolites in manured clay soil samples 
ultrasound assisted extracted using methanol/ethyl acetate (1:4, v/v, pH 9.5). 
 
Analytes 
Spiked 
concentration 
(µg/kg) 
(n = 4 ) 
Precision 
(repeatability) 
RSD [%]  
Precision 
(intermediate) 
RSD [%] 
 
Accuracy 
[%] 
      FEN 2 17 
9 
7 
50 12 -6 
FEN-SO 2 9 
10 
3 
50 2 -10 
FEN-OSO 2 13 
7 
4 
50 4 -6 
FLU 2 13 
15 
12 
50 5 -10 
FLU-M1 2 9 
2 
-2 
50 4 -8 
FLU-M2 2 8 
2 
-3 
50 14 -6 
FLU-M3 2 9 
1 
-3 
50 7 -2 
FLU-M4 2 8 
6 
3 
50 14 -6 
FLU-M5 2 6 
4 
1 
50 3 -6 
FLU-M6 2 9 
13 
6 
50 7 -12 
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4.5.3 Method detection and quantitation limits 
The sensitivity of the analytical method was measured using the instrumental detection (IDL) 
and quantitation (IQL) limits as well as method detection (MDL) and quantitation limits 
(MQL). Two approaches were used in this study to calculate detection and quantitation limits. 
First, IDL and IQL were defined on signal to noise ratios of S/N >3 or S/N >10. The IDL and 
IQL values for the target compounds thus ranged from 0.7 to 4 and 2 to 14 pg (absolute 
concentration), respectively. For FLU-M6, however, these values were 14 and 42 pg (Table 
4.21). Additionally, the MDL and MQL of individual compounds in surface water, manure and 
manured soil were determined by calculating the standard deviation at the 99-% confidence 
level of 7 replicates spiked at a concentration close to the expected IDL, e.g., 5 to 0.1 ng/L in 
surface water for HPLC-UVD and LC/MS/MS analysis and 2 µg/kg for manure, soil and 
manured soil for LC/MS/MS analysis. The concentrations of FEN and FLU-M6 were half and 
double of the spiked concentrations applied for the other compounds, respectively.  The MDL 
was determined by multiplying the sample standard deviation calculated from each group of 
fortified samples by the Student’s t-variate a one sided t-test at the 99% confidence level with 
n−1 degrees of freedom.  
For surface water samples analyzed by means of HPLC/UVD, MDL and MQL, values of the 
target compounds were < 2 and < 6.5 µg/L, while samples analyzed by means of LC/MS/MS 
these values ranged from 0.015 to 0.04 µg/L and 0.03 to 0.12 µg/L, respectively (Table 
4.22). From the results of surface water analysis, it became obvious that LC/MS/MS was up 
to 160 times more sensitive than HPLC/UVD. Therefore, the analytical solutions of the more 
complex sample matrices, i.e., liquid pig manure, soil and manured soil samples, were 
exclusively analyzed by means of LC/MS/MS. MDL and MQL of the target compounds were 
≤ 1 and 3.1 µg/kg in manure samples directly extracted using ethyl acetate at pH 9.5. These 
values are satisfactory for analyzing the target compounds in this complex matrix at low 
concentration levels (Table 4.21).  
With the exception of FLU-M6, Similar analytical sensitivity was achieved in sand soil and 
manured sand soil samples where the MDL and MQL for most of target compounds were < 
1.5 and 4.4 µg/kg, respectively. For FLU-M6 in sand and manured sand soil samples, MDL 
and MQL were ≤ 2.5 and 7.9 µg/kg, respectively. Those higher MDL and MQL for this 
compound corresponded to its low response in ESI+ mode. This may be attributed to its 
potential decomposition in the ion source where the heater temperature was adjusted at 600 
ºC (Table 4.23 and 4.24). Moreover, these results matched with method detection limits 
determined by other researchers for some of these compounds individually or in a mixture 
with other benzimidazoles in different matrices. 
For example, Sørensen and Hansen (1998) determined the MQL as the average results plus 
three times the standard deviation (SD) of the 20 measurements of muscle samples spiked 
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at 2 µg/kg. The MQL were calculated as the average results plus six times the SD of the 20 
measurements. In their study MDLs in trout samples were 4.0, 4.5 and 3.8 µg/kg for FEN, 
FEN-SO and FEN-OSO respectively. The calculated MDL and MQL by Balizs (1999) for 15 
benzimidazoles including FEN, FEN-SO and FEN-OSO and FLU spiked in muscle tissues of 
cattle and sheep were ≤ 6 and 10 µg/kg, respectively. In the same study very high values 
were obtained for FLU analyzed in egg sample by LC/MS/MS, where MDL and MQL values 
were 32 and 48 µg/kg, respectively. De Ruyck et al. (2001) calculated MDL and MQL for 
FLU, FLU-M1 and FLU-M2 in egg and muscle samples extracted using ethyl acetate at 
alkaline pH and analyzed by LC/MS/MS. These values were, respectively, 0.1 to 1 and 1 to 2 
µg/kg.  Taking into account the complexity of the matrices in the current study in addition to 
this mixture of target compounds with wide range of physicochemical properties, the 
developed method is sophisticated enough to determine FEN and FLU with corresponding 
metabolites in complex sample matrices. 
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Table 4.21: Instrumental detection and quantitation limits as well as method detection and 
quantitation limits of fenbendazole and flubendazole with corresponding metabolites in liquid 
manure samples directly ethyl acetate at pH 9.5 and analyzed by LC/MS/MS according EPA, 
(1984) and Wisconsin Department of Natural Resources (1996). 
 
R: Recovery; SD: Standard deviation; RSD: Relative standard deviation;   
amu: atomic mass unit 
IDL and IQL were calculated according to signal to noise ratio 
 
 
 
 
 
Analytes 
MRM 
Transitions 
[amu] 
Spiked 
concen
-tration 
[µg/kg] 
R  
RSD 
(n =7) 
[%] 
SD MDL 
[µg/kg] 
MQL 
[µg/kg] 
  IDL         IQL 
[pg/injection] 
 
FEN 
300.1-268.1 
300.1-159.1 
1 86 ± 19 0.16 0.50 1.6 0.7 2.0 
FEN-SO 
316.1-59.1 
316.1-191.1 
2 94 ± 11 0.20 0.60 2.0 1.5 3.5 
FEN-OSO 
332.1-300.1 
332.1-159.1 
2 90 ± 11 0.19 0.60 1.9 3.0 8.5 
FLU 
314.2-282.2 
314.2-95.1 
2 92 ± 17 0.30 0.95 3.0 0.7 2.0 
FLU-M1 
256.0-95.0 
256.0-123.1 
2 96 ± 13 0.26 0.80 2.6 0.7 2.0 
FLU-M2 
241.1-95.0 
241.1-123.1 
2 98 ± 14 0.28 0.90 2.8 3.0 8.5 
FLU-M3 
257.0-95.0 
257.0-123.1 
2 83 ± 12 0.21 0.64 2.1 3.0 8.5 
FLU-M4 
316.2-284.2 
316.2 - 97.2 
2 93 ± 17 0.30 0.99 3.1 3.0 8.5 
FLU-M5 
258.1-134.1 
258.1-240.3 
2 99 ± 12 0.23 0.74 2.3 4.0 14.0 
FLU-M6 
272.1-148.0 
272.1-97.0 
4 93 ± 6 0.11 0.50 1.6 14.0 42.0 
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Table 4.22: Method detection and quantitation limits of target compounds in surface water 
samples extracted using SDB1 cartridges at pH 2.3 and analyzed by HPLC/UVD and 
LC/MS/MS according to EPA (1984) and Wisconsin Department of Natural Resources 
(1996). 
 
Analytes 
HPLC/UVD  (λ = 280 nm) 
Spiked concentration [5 µg/L] 
LC/MS/MS (ESI+)  
Spiked concentration [0.1 µg/L] 
MDL 
[µg/L] 
( n =7) 
MQL 
[µg/L] 
( n =7) 
MDL 
[µg/L] 
( n =7) 
MQL 
[µg/L] 
( n =7) 
FEN 1.6 5.2 0.02 0.05 
FEN-SO 0.7 2.1 0.02 0.03 
FEN-OSO 1.1 3.5 0.04 0.12 
FLU 1.1 3.4 0.02 0.06 
FLU-M1 0.6 2.0 0.03 0.08 
FLU-M2 1.1 3.4 0.02 0.04 
FLU-M3 1.7 5.5 0.03 0.08 
FLU-M4 2.1 6.5 0.03 0.07 
FLU-M5 2.0 3.5 0.03 0.08 
FLU-M6 1.1 3.6 0.03 0.01 
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Table 4.23: Method detection and quantitation limits of fenbendazole and flubendazole with 
corresponding metabolites in sand soil samples extracted with methanol/ethyl acetate 
mixture (1:4, v/v) at alkaline pH and analyzed by LC/MS/MS according EPA (1984) and 
Wisconsin Department of Natural Resources (1996). 
 
Analytes 
MRM 
Transitions 
[amu] 
Spiked 
concen-
tration 
 [µg/kg] 
R  RSD 
(n=7) 
[%] 
SD 
 
 
MDL 
[µg/kg] 
MQL 
[µg/kg] 
FEN 
300.1 - 268.1 
300.1 - 159.1 
1  101 ± 9 0.29 0.25 0.8 
FEN-SO 
316.1 - 159.1 
316.1 - 191.1 
2 85 ± 9 0.33 0.40 1.5 
FEN-OSO 
332.1 - 300.1 
332.1 - 159.1 
2 85 ± 8 0.43 0.40 1.2 
FLU 
314.2 - 282.2 
314.2 - 95.1 
2 86 ± 5 0.43 0.26 0.8 
FLU-M1 
256.0 - 95.0 
256.0 - 123.1 
2  88 ± 10 0.36 0.57 1.8 
FLU-M2 
241.1 - 95.0 
241.1 - 123.1 
2 70 ± 21 0.39 0.90 2.9 
FLU-M3 
257.0 - 95.0 
257.0 - 23.1 
2 80 ± 9 0.35 0.40 1.3 
FLU-M4 
316.2 - 284.2 
316.2 - 97.2 
2   89 ± 10 0.23 0.60 1.8 
FLU-M5 
258.1 - 134.1 
258.1 - 240.3 
2  101 ± 7 0.36 0.40 1.5 
FLU-M6 
272.1 - 148.0 
272.1 - 97.0 
4  83 ± 11 0.80 1.20 3.7 
 R: Recoveries; SD: Standard deviation; RSD: Relative standard deviation;  
 amu: Atomic mass unit. 
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Table 4.24: Method detection and quantitation limits of fenbendazole and flubendazole with 
corresponding metabolites in manured sand soil samples extracted using methanol/ethyl 
acetate mixture (1:4, v/v) at alkaline pH and analyzed by LC/MS/MS according EPA (1984) 
and Wisconsin Department of Natural Resources (1996). 
 
Analytes 
MRM 
Transitions 
[amu] 
Spiked 
concen-
tration 
 [µg/kg] 
R  RSD 
(n=7) 
[%] 
SD MDL 
[µg/kg] 
MQL 
[µg/kg] 
FEN 
 300.1 - 268.1 
 300.1 - 159.1 
1 116 ± 25 0.29 0.9 2.9 
FEN-SO 
 316.1 - 159.1 
 316.1 - 191.1 
2 105 ± 18 0.33 1.1 3.3 
FEN-OSO 
 332.1 - 300.1 
 332.1 - 159.1 
2 112 ± 19 0.43 1.4 4.4 
FLU 
 314.2 - 282.2 
 314.2 - 95.1 
2 115 ± 19 0.43 1.4 4.3 
FLU-M1 
 256.0 - 95.0 
 256.0 - 123.1 
2 107 ± 17 0.36 1.1 3.7 
FLU-M2 
 241.1 - 95.0 
 241.1 - 123.1 
2 110 ± 18 0.39 1.2 3.9 
FLU-M3 
 257.0 - 95.0 
 257.0 - 123.1 
2 100 ± 18 0.35 1.1 3.5 
FLU-M4 
 316.2 - 284.2 
 316.2 - 97.2 
2   98 ± 16 0.23 0.7 2.4 
FLU-M5 
 258.1 - 134.1 
 258.1 - 240.3 
2 102 ± 18 0.36 1.1 3.7 
FLU-M6 
 272.1 - 148.0 
 272.1 - 97.0 
4 113 ± 20 0.80 2.5 7.9 
 R: Recoveries; SD: Standard deviation; RSD: Relative standard deviation;  
   amu: Atomic mass unit. 
 
 
4.6 Quantitation procedures and matrix effects 
 
Matrix effects occur because the ESI and APCI sources are highly susceptible to co-
extractants in complex and heterogeneous matrices such as manure and manured soil. 
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These effects may result in a signal suppression or enhancement leading to erroneous 
results. Two mechanisms are suggested in the literature to explain matrix effects. First, those 
originate from the competition between the analytes and co-eluting interfering species. The 
ionization efficiency depends on the ionization energy and the proton affinity of the molecules 
present at the interface (Gosetti et al., 2010). Another hypothesis suggests that high 
concentrations of interfering compounds can increase or decrease the viscosity (surface 
tension) of the droplets produced in the ion source. These effects may enhance or reduce 
the ability of the analytes to reach the gas phase (Antignac et al., 2005; Gros et al., 2006; 
Gosetti et al., 2010). 
Thus, to achieve a reliable method, matrix effects had to be compensated. Detailed studies 
of the matrix effects were performed to evaluate the degree of signal suppression or 
enhancement and sensitivity of target compounds for these effects. For this purpose, matrix 
effects on the target compound responses were evaluated first in surface water. Individual 
peak area for each compound in surface water matrix was compared with those obtained in 
methanol. Surface water samples showed clear matrix effects (Table 4.25). Enhanced signal 
intensities ranging was from 7 to 30 % with RSD ± 13 % at maximum for all the target 
compounds at 0.1 and 1 µg/L spiking levels were observed.  
 
Table 4.25: Extraction efficiency, matrix effects and process efficiency in surface water 
samples. 
 
Analytes 
Extraction efficiency 
(Mean ± RSD, %) 
Matrix effects 
(Mean ± RSD, %) 
Process efficiency 
(Mean ± RSD, %) 
0.1 µg/L 
(n = 8) 
1 µg/L 
(n = 4) 
0.1µg/L 
(n = 3) 
1 µg/L 
(n = 3) 
0.1 µg/L 
(n = 8) 
1 µg/L 
(n = 4) 
FEN 85 ± 6 80 ± 7 117 ± 3 120 ± 9 99 ± 6 93 ± 7 
FEN-SO 93 ± 5 85 ± 5 115 ± 3 122 ± 13 107 ± 5 100 ± 5 
FEN-OSO 89 ± 6 82 ± 6 111 ± 4 123 ± 11 99 ± 6 95 ± 6 
FLU 98 ± 4 79 ± 8 114 ± 2 120 ± 11 101 ± 4 92 ± 8 
FLU-M1 99 ± 4 91 ± 3 107 ± 4 117 ± 11 106 ± 4 102 ± 3 
FLU-M2 92 ± 3 89 ± 6 114 ± 3 116 ± 10 104 ± 3 99 ± 6 
FLU-M3 101 ± 6 93 ± 4 111 ± 2 121 ± 10 112 ± 6 109 ± 4 
FLU-M4 96 ± 5 94 ± 5 113 ± 4 130 ± 10 108 ± 5 117 ± 5 
FLU-M5 96 ± 6 86 ± 4 100 ± 4 117 ± 13 97 ± 6 96 ± 4 
FLU-M6 97 ± 5 92 ± 3 115 ± 6 120 ± 11 112 ± 5 106 ± 3 
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Additional data from these experiments can be obtained by comparing of the peak areas of 
analytes spiked before extraction with those of the standard solutions to give an overall value 
defined as process efficiency. Process efficiency represents the combination of matrix effects 
and recovery of the analytes resulted from the sample extraction process (Taylor, 2005). For 
example, the absolute recovery of FLU-M4 was 94 %, but the process efficiency is 117%, 
showing a 23-% signal enhancement. Therefore, high or low process efficiency can 
adversely affect the method reliability as well as the method quantification limits. Based on 
these results which were obtained in relatively simple surface water matrix, it was necessary 
to evaluate the particular matrix effects in the other sample matrices, i.e., manure and 
manured soil samples.  
In manure, blanks were analyzed first to check the back ground concentrations. Matrix 
effects were evaluated based on matrix-matched and external calibrations. As shown by the 
comparison of the slopes of both calibration curves for 10 target compounds,  negligible 
matrix effects in manure samples directly ethyl acetate extracted were found for FEN-SO and 
FEN-OSO. In contrast, considerable signal suppression was observed for FLU, FLU-M2 and 
FLU-M6. As it can be observed in Figure 4.38, the calibration curves of these compounds 
recorded in manure extracts have the lower slopes, reflecting signal suppression ranged 
from 6, 10 and 12 %, respectively.  
In order to evaluate the efficiency of an internal standard to compensate matrix effects, the 
chloro-analogue of FLU was added at 50 pg/µL to the standard and analytical solutions. In 
the recorded chromatograms, it became obvious that the peaks increased, i.e., 19 % for 
FLU, 12 % for FLU-M2, 11 % for FLU-M6, 24 % for FEN-OSO and 21 % for FEN-SO. 
Hereby, a signal enhancement was indicated. Comparing the peak areas of the internal 
standard itself in standard and analytical solutions, however, a 24-% ion suppression of the 
internal standard can be identified. Thus, the application of one single internal standard could 
not compensate matrix effects neither on the structural analogues FLU and metabolites nor 
on the other benzimidazoles under study (Figure 4.44). Therefore, if there are multiple 
analytes of diffeent polarities to be quantified multiple internal standards were required. 
(Lagerwerf et al., 2000; 2005). Similar situation was observed in the manure matrix extracted 
by methanol after lyophilization except FLU-M3 where strong signal suppression was 
recorded (27 %). This suppression was compensated to become 13 % when internal 
standard was added (Figure 4.45). 
Otherwise, different strategies could be followed to minimize or correct the matrix effect. For 
minimizing the matrix effects, selective extraction, efficient clean-up procedure and 
improvement of the chromatographic separation as well as the dilution of sample extracts are 
considered as efficient methods (Antignac et al., 2005; Gros et al., 2006; Gosetti et al., 
2010). This problem cannot be always completely eliminated in the practice using the above 
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methods. Although full chromatographic separation for all of the target compounds was 
achieved, two clean-up methods were used as well as dilution of the final extracts, matrix 
effects were still observed. Other effective and practical methods published in the literature to 
correct the matrix effect, e.g., using matrix-matched calibration, internal standards, e.g., 
structurally similar unlabeled compound or isotopically labeled standards. Unfortunately, the 
use of a single structurally analogue in multi-component analysis was not successful and 
isotopically labeled standards were not available. Therefore, using the matrix-matched 
calibration curve combined with the dilution of sample extracts was considered an effective 
alternative solution for reliable recovery calculation. Therefore, dilution of the final extract 
combined with full chromatographic separation of the target compounds and two clean-up 
steps as well as using Eq. 3.1 as modified form of matrix-matched calibration were 
considered as ideal conditions to achieve reliable method during the fortification experiments. 
To assess the impacts of matrix effects on recoveries of the target compounds in manured 
soil samples, spiked at 100 µg/kg, and efficiency of the proposed method (Eq. 3.1) to 
compensate these effects, absolute recoveries were calculated using three calibration 
methods. The obtained mean recoveries were 37 to 70% and 57 to 78% calculated by 
external calibration and Eq. 3.1, reflecting clear signal suppression for all of the target 
compounds. When internal standard was added, improvements for the obtained recoveries 
were observed but still incomparable with those obtained by Eq.3.1 (Table 4.26). These 
results show that matrix effects had relevant impacts on the reliability of LC/MS/MS applying 
ESI in positive ion mode. This experiment was repeated for sand soil matrix. There were no 
relevant differences between the recoveries calculated by matrix-matched, internal and 
external calibrations (Table 4.27). These results indicated that matrix effects were not only 
based on the analyte structure. They can be also caused by the sample matrix in which the 
compounds are analyzed.  
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Figure 4. 44: Calibration curves for selected target compounds A: External calibrations in methanol versus those recorded in 
manure matrix extracted by ethyl acetate, B: Internal calibration curves in the solvent vs. those recorded in manure matrix 
extracted by ethyl acetate 
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          Figure 4.44: Continued. 
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  Figure 4.44: Continued. 
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Figure 4.45: Calibration curves for flubendazole and corresponding metabolites A: External calibrations in methanol versus those 
recorded in manure matrix extracted after lyophilization with methanol, B: Internal calibration curves in the solvent vs. those recorded in 
manure matrix extracted after lyophilization with methanol 
FLU
B A 
FLU
157 
FLU-M3
 
 
FLU-M3
                                                                                              R
E
S
U
LTS
 A
N
D
 D
IS
C
U
S
S
IO
N
 
RESULTS AND DISCUSSION 
 158
Table 4.26: Recoveries of fenbendazole and flubendazole with corresponding metabolites 
spiked to manured sand soil samples calculated by different calibration methods.  
 
Analytes 
Manured sand soil samples [100 µg/kg] 
Absolute recovery (n = 3) 
Matrix-matched Internal calibration External calibration 
FEN 57   4    (-24)* 47  9 37  6 
FEN-SO 78   5    (-17)* 78  1 66  5 
FEN-OSO 77   4    (-11)* 79  7 67  4 
FLU 77   5    (-15)* 88  8 67  5 
FLU-M1 77   6    (-5 )* 80  7 70  6 
FLU-M2 75  4    (-17)* 73  5 62  1 
FLU-M3 78  10  (-27)* 72  7 58  3 
FLU-M4  75   6    (-13)* 84  6 66  1 
FLU-M5  71   6    (-15)* 69  7 58  3 
FLU-M6  76   5    (-33)* 61  3 51  3 
    * Matrix effects 
 
The values in the practice are matrix effects for the target compounds calculated by 
comparing the peak areas of target compounds spiked to manure samples after the clean-up 
procedure with those of target compounds prepared in the solvent. These values showed a 
signal suppression of the target compounds, where internal standard showing also signal 
suppression (17 %) and has the ability to compensate the signal suppression for some of the 
target compounds. 
 
 
4.7 Extraction efficiency and aging tests  
 
In order to identify aging effects on the extractability of the FEN and FLU with corresponding 
metabolites in liquid pig manure, spiked liquid manure samples were incubated under 
anaerobic conditions up to 30 days. Test series were conducted at different temperatures. As 
typical for biotransformation tests, 20 °C was applied (OECD, 2000; 2002; Kreuzig, 2010; 
Kreuzig et al., 2010). Besides time-dependent losses of the extractability, decreasing 
recoveries can be also caused by transformation processes. In order to minimize 
biotransformation as far as possible by inhibiting the microbial activity during the 30-day 
incubation period, 4 °C was applied as well. 
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Table 4.27: Recoveries of fenbendazole and flubendazole with corresponding metabolites 
spiked to sand soil samples calculated by different calibration methods. 
 
Analytes 
Sand soil sample [100 µg/kg] 
Absolute recovery (n = 3) 
Matrix-matched  Internal calibration External calibration 
FEN   65  14  (-7)*   54  14   56  14 
FEN-SO         92  8    (-2)*  85   8 88  8 
FEN-OSO    83  1    (+3)* 80  1 83  1 
FLU    81  1    (+2)* 79  1 81  1 
FLU-M1         88  1    (-2)* 81  1 84  1 
FLU-M2      74  10  (-12)*   61  10 63  9 
FLU-M3    78  9    (-1)* 72  9   74  15 
FLU-M4         57  15  (+5)*   54  15 56  7 
FLU-M5      70  7    (-12)* 57  7 59  2 
FLU-M6         84  2    (-1)* 79  2 82  2 
    * Matrix effects 
 
The concentrations of target benzimidazole represented by the recoveries versus time during 
the aging tests are displayed in Figure 4.46 and 4.47. The obtained results at 4 ºC indicated 
that the recoveries of the target benzimidazoles were not affected by the time. Only the 
obtained recoveries of FLU-M5 were relatively low (50 to 60 %). At 20 °C, FLU-5 dropped 
even to 2-4 % after 30 days of incubation (Figure 4.48). In contrast, recoveries of FLU-M6 
increased to 138 and 164 after 15 and 30 days of incubation even though at 4 ºC, there was 
not any change. Thus, the decrease of FLU-M5 may be caused by diffusion of this 
compound to less accessible sorption sites. Hence, the extractability may be reduced by the 
formation of physically entrapped or chemically bound residues. However, the simultaneous 
increase of FLU-M6 may indicate the transformation of one metabolite to the other. 
An interesting behavior for FEN and metabolites were observed in the samples incubated at 
20 ºC. Only 4 % of spiked FEN-SO was recovered after 30 days (Figure 4.46). At the same 
time an increase of FEN to 250 % of the initially applied amount was determined. The 
increase of the FEN recovery and the nearly complete disappearance of FEN-SO at 20 ºC 
may be attributed to the reduction of the oxidized metabolite to the parent compound. In 
contrast, FEN-OSO was recovered nearly unchanged during the 30-day incubation period. 
These results indicated that FEN, FLU and most of the metabolites are persistent in liquid pig 
manure. These results are consistent with results described by Kreuzig et al. (2007).  
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Figure 4.46: Recoveries of fenbendazole and flubendazole with corresponding metabolites 
in liquid pig manure incubated at 4 ºC up to 30 days after application.  
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Figure 4.47: Recoveries of fenbendazole and flubendazole with corresponding metabolites 
in liquid pig manure incubated at 20 ºC up to 30 days after application. 
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Figure 4.48: Total ion current chromatograms of spiked target compounds in liquid manure 
samples incubated at A: 4 ºC and B: 20 ºC for 30 days where FEN-SO and FLU-M5 were 
completely disappeared. 
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4.8 Analysis of real pig manure samples 
 
The development of the new analytical method for the determination of FEN and FLU with 
corresponding metabolites inevitably started with fortification experiments in order to check 
for analytical handling and analytical quality assurance. For this purpose, reference manure 
was used to reduce the matrix heterogeneity of real manure samples and to avoid effects of 
other veterinary medicines and cleaning agents introduced into manures by agricultural 
practice. Therefore, feasibility and applicability of the method was finally checked by the 
analysis of real manure samples (PM1-PM7) from 7 pig fattening farms in the catchment 
area of the Chamber of Agriculture, Oldenburg, Germany, where only FLU was applied. 
Hence, neither FEN nor its metabolites were detected in any of the analyzed samples. 
For the quantitation of the target compounds different techniques were compared. The use of 
external calibration to quantify the FLU and metabolites in a complex matrix such as liquid 
pig manure can have serious consequences, e.g., underestimation or overestimation due to 
unpredicted matrix effects as explained before. Although the matrix-matched calibration was 
a successful method in the fortification experiments in reference manure samples, this 
approach is impracticable in case of the real samples due to the highly variable compositions 
of real manures. Thus, the use of one manure matrix cannot display the composition of 
others ones that can be considerably different from one farm to another. This problem can be 
hardly solved when a single internal standard, i.e., the chloro-analogue of FLU, is applied. 
Therefore, multiple and single point standard addition were the most sophisticated 
techniques to perform correct quantitative analysis. During screening analysis for real 
manure sample, FLU, FLU-M1, FLU-M2 and FLU-M3 were detected in the real manure 
samples taken (Figure 4.49). 
 
 
4.8.1 Multiple point standard addition 
 
Besides the comparison of different quantitation methods, the manure samples PM1 and 
PM5 were directly ethyl acetate extracted and, alternatively, methanol extracted after 
lyophilization as described before, in order to check for the impact of different extract 
qualities. In contrast to the basic clean-up method using solid phase extraction, size 
exclusion chromatography was established as a further clean-up step. Then, the found 
concentrations were calculated by the multiple point standard addition technique. The results 
of both analytical approaches are listed in Table 4.28.  
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                   1: FLU-M3, 2: FLU-M2, 3: FLU-M1, 4: FLU 
 
Figure 4.49: Total ion current chromatogram of the detected compounds in the real sample 
(PM1) extracted by ethyl acetate at pH 9.5. 
 
 
Table 4.28: Calculated concentrations using multiple standard addition technique, where two 
extraction procedures used to extract real pig manure samples.  
 
Analytes 
Direct ethyl acetate extraction 
(pH 9.5) 
Methanol extraction 
after lyophilization 
PM1 
(n = 2) 
[mg/kg] 
PM5 
(n = 2) 
[mg/kg] 
PM1 
(n = 2) 
[mg/kg] 
PM5 
(n = 2) 
[mg/kg] 
FLU 0.32 ± 0.04 0.60 ± 0.08 0.28 ± 0.10 0.48 ± 0.04 
FLU-M1 0.03 ± 0.00 0.02 ± 0.01 0.03 ± 0.01 0.01 ± 0.00 
FLU-M2 0.10 ± 0.01 0.09 ± 0.00 0.09 ± 0.01 0.08 ± 0.002 
FLU-M3 0.06 ± 0.04 0.05 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 
FLU-M4 < MDL < MDL < MDL < MDL 
FLU-M5 < MDL < MDL < MDL < MDL 
FLU-M6 < MDL < MDL < MDL < MDL 
 
 
4 
3
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In the real manure samples PM1 and PM5, FLU and the metabolites, FLU-M1, FLU-M2 and 
FLU-M3 were identified and quantified. FLU occurred at average concentrations of 0.3 and 
0.5 mg/kg accompanied by the metabolites at lower concentrations. Because FLU was not 
found to be substantially biodegradable in anaerobic biotransformation tests within a 100-day 
incubation periods (Kreuzig et al., 2007), here, the metabolic activity of the treated pigs was 
reflected. Thus, FLU was degraded via keton reduction forming FLU-M1 followed by its 
carbamate hydrolysis forming FLU-M3. Simultaneously, FLU directly underwent carbamate 
hydrolysis forming FLU-M2 (Van Leemput and Heykants, 1991). Further FLU metabolites 
could not be detected above method detection and quantitation limits.  
For multiple standard addition technique, the real sample extracts were first analyzed for 
screening purposes using LC/MS/MS. The aliquots of the sample solutions were spiked at 
100, 200, 300, 500 and 1000 pg/µL in specific volumes to record multiple standard addition 
curves. Figure 4.50 shows the standard addition calibration curve as an example for this 
approach used to calculate FLU concentration PM1. Comparing both extraction methods 
showed similar extraction efficiencies. The deviation between the calculated concentrations 
was ≤ 13 in PM1 except for FLU-M3 (33 %). In PM5 the deviation was ≤ 20 % except in FLU-
M1 (30%). This is probably due to the heterogeneity of the manure sample. Nevertheless, 
both approaches confirm that the developed method is feasible to determine the target 
benzimidazoles in real manure samples at high repeatability. 
 
 
Figure 4.50: Multiple point standard addition plots used to determine the concentration of 
flubendazole where x intercept at y equal zero is the concentration of the target analyte in the 
real manure sample. 
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4.8.2 Single point standard addition 
 
In these heterogeneous manure samples, losses during the clean-up procedure can be 
expected Therefore, it is impractical to correct the final results with fixed loss values based 
on the fortification experiments using reference manure samples different from the real 
manure samples. Therefore, the concentrations of detected compounds in the real samples 
extracted by ethyl acetate were additionally calculated using single point standard addition 
technique. The spiking step was after the extraction but before clean-up procedure where the 
matrix effect and the losses can be compensated. The results of this calibration approach are 
listed in Table 4.29. 
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Table 4.29: Concentrations of detected residues in real liquid pig manure samples after flubendazole administration to fattening pigs. 
 
Pig 
manure 
sample 
PM1 
(n = 3) 
[mg/kg] 
PM2 
(n = 2) 
[mg/kg] 
PM3 
(n = 3) 
[mg/kg] 
PM4 
(n = 3) 
[mg/kg] 
PM5 
(n = 3) 
[mg/kg] 
PM6 
(n=3) 
[mg/kg] 
PM7 
(n = 3) 
[mg/kg] 
ds [%] 11.1 3.6 1 5.4 9.6 2.7 2.8 
TOC 61 ± 15 31 ± 0 17 ± 1 37 ± 1 36 ± 2 33 ± 1 26 ± 2 
pH 7.5 7.3 7.4 7.6 7.4 8.0 7.7 
FLU 0.14 ± 0.02 0.04 ± 0.003 0.16 ± 0.04   1.30 ± 0.3     0.6 ± 0.06   0.17 ± 0.04 0.10 ± 0.03 
FLU-M1    0.01 ± 0.001 < LOQ 0.006 ± 0.001 0.01 ± 0.001 0.01 ± 0.001 0.01 ± 0.002   0.01 ± 0.001 
FLU-M2  0.064 ± 0.01 0.01 ± 0.00   0.04 ± 0.004   0.06 ± 0.01   0.09 ± 0.01 0.06 ± 0.004   0.02 ± 0.003 
FLU-M3  0.054 ± 0.004 < LOQ   0.03 ± 0.003 0.04 ± 0.001 0.08 ± 0.002 0.046 ± 0.003 <LOQ 
FLU-M4 < MDL < MDL < MDL < MDL < MDL < MDL < MDL 
FLU-M5 < MDL < MDL < MDL < MDL < MDL < MDL < MDL 
FLU-M6 < MDL < MDL < MDL < MDL < MDL < MDL < MDL 
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FLU with FLU-M1, FLU-M2 and FLU-M3 were also detected in all other analyzed samples. 
Maximum concentrations were detected for FLU followed by FLU-M2, FLU-M3 and then 
FLU-M1, respectively, in all analyzed samples. These compounds were detected in PM4 and 
PM 5 with concentration higher than the other samples. The calculated concentrations in 
PM4 were 1.3 ± 0.03, 0.01 ± 0.01, 0.06 ± 0.01 and 0.04 ± 0.001 mg/kg fresh manure, 
respectively, for FLU, FLU-M1, FLU-M2 and FLU-M3, while in PM5 were 0.6 ± 0.06, 0.01 ± 
0.001, 0.09 ± 0.01 and 0.08 ± 0.002 mg/kg fresh manure. FLU-M1 was not detected only in 
PM2, while FLU-M3 was not detected in PM2 and PM7. The results in Table 4.29 show that 
there no correlation could be built depending on the concentration of detected compounds 
and the dry substance in each sample, e.g., compounds detected PM3 at nearly the same 
concentration like PM1 where the dry substance equal 1.1 % in the first and 11.1 % in the 
second. 
 
Table 4.30 Calculated concentrations of flubendazole and corresponding metabolites using 
multiple and single point standard addition techniques. 
 
Target 
compounds 
Multiple point standard addition Single point standard addition 
PM1 
(n = 2) 
[mg/kg] 
PM5 
(n = 2) 
[mg/kg] 
PM1 
(n = 3) 
[mg/kg] 
PM5 
(n = 3) 
[mg/kg] 
FLU 0.32 ± 0.04 0.60 ± 0.08 0.14 ± 0.02 0.6  ± 0.06 
FLU-M1 0.03 ± 0.00 0.02 ± 0.01  0.01 ± 0.001 0.01 ± 0.00 
FLU-M2 0.10 ± 0.01 0.09 ± 0.00  0.064 ± 0.01 0.09 ± 0.01 
FLU-M3 0.06 ± 0.04 0.05 ± 0.01 0.054 ± 0.004 0.08 ± 0.00 
FLU-M4 < MDL < MDL < MDL < MDL 
FLU-M5 < MDL < MDL < MDL < MDL 
FLU-M6 < MDL < MDL < MDL < MDL 
 
Moreover, there were no relevant differences between the concentrations of the detected 
compounds calculated using single point and multiple point standard addition calibrations. 
Only the FLU-M1 concentration in PM5 calculated by single point standard addition was 50 
% less than the value calculated by multiple point standard addition method. This may be 
attributed to the concentrations of the detected compounds were calculated after one month 
of sample collection using multiple standard addition technique and after 6 months using 
167 
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single point standard addition technique. Another possible reason, this deviation may be 
attributed to the heterogeneity of this matrix. The same situation for FLU-M1 in PM1 was 
observed. Only the concentration of FLU decreased to be 44 % of its concentration 
calculated by multiple standard addition technique (Table 4.30). 
 
 
4.8.3 Comparison of different quantitation methods 
 
Different calibration methods were applied to calculate the concentrations of the compounds 
detected in PM1 and PM5 extracted by USE using methanol/ethyl acetate mixture (1:4, v/v, 
pH 9.5). In PM 1, the calculated concentrations using single point standard addition 
technique were 0.47 ± 0.1, 0.011 ± 0.001, 0.14 ± 0.02 and 0.06 ± 0.003 for FLU, FLU-M1, 
FLU-M2 and FLU-M3 mg/kg fresh manure, respectively but the concentration calculated by 
external calibration were 0.25 ± 0.02, 0.008 ± 0.0002, 0.09 ± 0.004 and 0.04 ± 0.001 mg/kg 
fresh manure for FLU, FLU-M1, FLU-M2 and FLU-M3, respectively. The deviations of the 
calculated concentrations by single point standard addition and external calibration indicated 
that the signals of the detected compounds were suppressed due to matrix effects. When the 
internal standard was added, increases of calculated concentrations up to 20 % were 
observed (Table 4.31). In general these results indicated that single point standard addition 
was an efficient method to calculate the concentrations of the detected compounds in this 
complex matrix.  
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Table 4.31:  Calculated concentrations of flubendazole and corresponding metabolites using different quantitation methods. The samples were 
ultrasound-assisted extracted using ethyl acetate/methanol mixture (4:1 v/v, pH 9.5) 
 
Calibration 
method 
Single point standard addition External calibration Internal calibration 
Pig manure 
sample 
PM1 
(n =  4) 
[mg/kg ± SD] 
PM5 
(n = 4) 
[mg/kg ± SD] 
PM1 
(n =  4) 
[mg/kg ± SD] 
PM5 
(n = 4) 
[mg/kg± SD] 
PM1 
(n =  4) 
[mg/kg ± SD] 
PM5 
(n = 4) 
[mg/kg ± SD] 
FLU* 0.47± 0.1 1.1 ± 0.31 0.25 ± 0.02 0.5 ± 0.002 0.3 ±0.016 0.66 ± 0.25 
FLU-M1 0.011 ± 0.001 0.01 ± 0.002 0.008 ± 0.0002 0.005 ± 0.001 0.01±0.004 0.008 ±  0.001 
FLU-M2 0.14 ± 0.02 0.11 ± 0.01 0.09 ± 0.004 0.075 ± 0.01 0.1±0.01 0.1 ± 0.005 
FLU-M3 0.06 ± 0.003 0.09 ± 0.01 0.04 ± 0.001 0.06 ± 0.003 0.04±0.002 0.072 ± 0.004 
FLU-M4 < MDL < MDL < MDL < MDL < MDL < MDL 
FLU-M5 < MDL < MDL < MDL < MDL < MDL < MDL 
FLU-M6 < MDL < MDL < MDL < MDL < MDL < MDL 
     *n =3 
     The losses during the clean-up procedure were considered during calculation of concentration using external and internal standards, where 
the loss were 27, 21, 26 and 20% of FLU, FLU-M1, FLU-M2 and FLU-M3, respectively.  
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4.9 Confirmation techniques 
 
4.9.1 Concept of identification points 
 
Different strategies were discussed to compensate the matrix effects which appeared as 
signal enhancement or suppression. Another important problem can occur due to the co-
extractants especially for complex matrices such as manure and manured soil samples. 
Resulting problems are false positive and false negative findings. Besides the co-extractants, 
different reasons are responsible for the signal enhancement or signal suppression such as 
additives in the mobile phase of LC on chromatographic effects, e.g., increase or decrease of 
the flow rate or composition of the mobile phase. However, matrix effect is still only the main 
contributor about the false positive and false negative results, especially when isobaric 
compounds are present in the matrix under analysis. For this reason, several approaches 
were reported to confirm the identity of the organic pollutant in the samples under the study. 
The chromatographic behavior reflected by the retention times and absorption spectra may 
be considered as one confirmation method using HPLC/DAD so far both are significantly 
different. The Commission Decision 93/256/EEC thus states that "Methods based only on 
chromatographic analysis without the use of molecular spectrometric detection are not 
suitable for use as confirmatory methods". Another approach is the identification point (IP) 
concept in which the number of identification points depends on the technique used for the 
analysis of the compound under the study and its application, e.g., legal or illegal use (EC, 
2002). The identification guideline for organic contaminants in animals and animal products 
according to the European Commission Decision 2002/657/EC states that at least three 
identification points (IPs) for legally applied compounds should be achieved. Thus 2 
transitions each one act as 1.5 point and parent compound as 1 point are required for safely 
positive result confirmation using LC-MS/MS/MRM. In the present study using the 
4000QTRAP LC-MS/MS system, 5 identification points for every compound were achieved: 
precursor ion (1 IP) and two transitions (3 IP) with retention time (IP). For highly qualified 
confirmation, all of the above criteria can combined with a comparison of not only the MRM 
transitions but also all the available transitions of each analyte in the real samples with those 
produced by standard solution under the same conditions. These were achieved using IDA 
facility in 4000QTRAP instrument, where MRM using two transitions was used as full scan 
and enhanced product ion scan as dependent scan. This approach was applied to check the 
obtained results from standard solution of the target compounds and spiked real samples 
and real sample. Examples of the IDA spectra produced using standard solution of mixture of 
benzimidazole compounds were compared to those produced using spiked and unspiked 
real sample in addition to the chromatographic behavior of these compounds are shown in 
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Figure 4.51 and 4.52.  Further mass spectra for other compounds are presented in 
Appendix, Figure A4. 
Beside the specificity of the transitions selected in MRM method, qualified IPs should be 
achieved. For this, the ion ratio between selected transitions was calculated. All measured 
ion ratios must agree within specified tolerances. In LC/MS/MS, maximum permitted 
tolerances of ± 20 % for a relative ion intensity of > 50% to 50% for a relative ion intensity of 
≤10 %. The both mentioned criteria play an important role in the safely confirmation 
procedure. The calculated ions ratios of the detected compounds in real manure samples 
were compared with those obtained in spiked real manure sample and reference standards. 
The confirmation was considered successful because the ratios deviations were lower than 
20% (Table 4.32).  Data for the other real samples are mentioned in Appendix, Table A2 – 
A7. 
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Figure 4.51: Total ion current chromatogram of A: flubendazole and corresponding 
metabolites (FLU-M1, FLU-M2 and FLU-M3 in methanol (200 pg/µL), B: extracted ion 
chromatograms and C: enhanced product ion spectra using information dependent aquisition 
(IDA). 
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Figure 4.51: Continued. 
 
 
 
 
RESULTS AND DISCUSSION 
 174
 
 
 
Figure 4.52: Total ion current chromatogram of A: FLU, FLU-M1, FLU-M2 and FLU-M3 
detected in the real sample (PM1) ethyl acetate extracted, B: extracted ion chromatograms 
and C: enhanced product ion spectra. 
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Figure 4.52: Continued. 
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Table 4.32: Confirmed results in PM1 according confirmation criteria in EU Commission Decision 2002/657/EC (EC, 2002). 
 
 
Target 
compound 
MRM-transitions 
(amu) 
(4 IP) 
MRM ion ratios 
in standard 
solution 
( n=5 )* 
Permitted 
tolerance  
[%] 
 
MRM ion ratios 
in real sample 
(PM1) 
(n=2)* 
Deviation  
[%] 
 
Result 
FLU 
  314.20 -282.20 
  314.20 - 95.10 
0.24 ± 25 0.23 < 5  Confirmed 
FLU-M1 
  316.20 -284.20 
  316.20 - 97.20 
0.20 ± 25 0.17 15 Confirmed 
FLU-M2 
  256.00 - 95.00 
  256.00 -123.10 
0.17 ± 30 0.17 0 Confirmed 
FLU-M3 
  258.10 -134.10 
  258.10 -240.30 
0.30 ± 25 0.29 < 4 Confirmed 
          *RSD   8 % 
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4.9.2 Risk of false positive findings 
 
The quantitation process of the target compounds using MRM method consisted of three 
steps: isolation of the precursor ions for each analyte, study of the product ions formed in the 
collision cell and selection of the transitions with highest intensity from different product ions 
for each analyte. Finally MRM method can be created. It is well known that MRM 
experiments are more specific and selective in comparison to SIM in single MS instruments, 
where the first mass analyzer acts as mass selector for the target compounds then 
fragmented in collision cell and specific two ions were selected to create MRM method. In 
such complex sample matrix like manure, numerous interfering compounds may have some 
ions at the same m/z like the target compounds under the study. The risk of false positive 
findings are still present if there is one or more interfering compound that has the same mass 
as precursor ions (isobaric molecules), especially if one or more of these isobaric molecules 
give the same fragment or fragments that are used in MRM method. This problem occurred 
during analysis of zero samples (blank) of manure methanol extracts after lyophilization. One 
compound was found with product ions of 123 and 95 m/z like FLU-M6. Its chromatographic 
behavior (RT 13.92 min) was completely different than FLU-M6 (RT. 16.98 min) as shown in 
Figure 4.53. It is apparent that these results required to use IDA method as detailed before 
to compare not only MRM ions but also all produced ions for the analytes in analyzed 
samples and standard solutions. Figure 4.53 provides two approaches applied to distinguish 
between the unknown compound and FLU-M6. First is the retention time. The second is 
comparison of enhanced product ions spectra for the target compounds in the standard 
solutions and in the real samples extracts using IDA method. There are three shared ions 
between this interfering compound and FLU-M6 at m/z 123.0, 95.0 and 239.2 but the others 
are different. For examples, m/z 201.1, 184.1, 174.1, 157.1, 134.0, 113.0, 74.8 and 93.0 
occur only in EPI of FLU-M3, while some ions occur only in the EPI of the interfering 
compound, e.g., 197.2, 183.1, 165.1, 152.1, 136.8, 103.0, 106.9 and 76.8 m/z. These results 
indicate that 4000 QTRAP system has the flexibility which allows improving the confirmatory 
data based on the IDA method. 
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Figure 4.53: Total ion current chromatogram of A: fenbendazole and flubendazole with 
corresponding metabolites and an unknown compound (125 pg/µL in manure matrix), B and 
C: enhanced product ions spectra for FLU-M6 and the unknown compound in manure matrix 
and D: enhanced product ion spectrum of FLU-M6 in methanol for the standard solution. 
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Figure 4.53: Continued. 
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5. Summary 
 
Benzimidazole anthelmintics are one of the most important groups of veterinary medicines 
that are administered to production animals for the control of the endoparasites, i.e., 
gastrointestinal roundworms, lungworms and tapeworms. Over the last few years, these 
drugs have been frequently applied in Germany due to intensified livestock production. 
Among this group, fenbendazole and flubendazole are predominantly used in pig fattening 
and breeding farms. After drug administration, more than 50 % of these drugs are excreted 
together with corresponding metabolites via feces. Fenbendazole and flubendazole are not 
substantially degradable in liquid manures. Thus, the occurrence of these substances as well 
as corresponding metabolites in manured soils can not be excluded.  
Even though benzimidazoles have been already analyzed in different environmental sample 
matrices, there does not exist any sophisticated analytical method for their determination in 
liquid pig manure and manured soil until today. Therefore, the objective of the present study 
focused on the development of an analytical method for the simultaneous determination of 
fenbendazole and flubendazole with corresponding metabolites in surface water, liquid pig 
manure, soil and manured soil.  
In order to fulfil this goal, the analytical method development was performed in 4 steps. First, 
the extraction procedure was optimized using different solvent systems and different 
extraction techniques:  
 Direct solvent extraction from liquid pig manure samples using ethyl acetate at pH 
9.5 or lyophilization followed by methanol extraction at original pH.  
 Ultrasound-assisted solvent extraction of lyophilized manure samples using a 
methanol/ethyl acetate mixture (1:4, v/v) at pH 9.5.  
 Soil and manured soil samples were treated via direct solvent extraction or 
ultrasound-assisted extraction technique using different solvents and solvent 
mixtures.  
Second, the raw extracts were cleaned up using size exclusion chromatography and solid 
phase extraction. Third, liquid chromatography coupled to tandem mass spectrometry with 
electrospray ionization in positive mode was applied to determine the target benzimidazoles 
at µg/kg concentrations. Fourth, different quantitation techniques, i.e., external, internal as 
well as single and multiple point standard addition, were applied in order to identify and 
compensate matrix effects. The results were finally confirmed by the identification point 
system.    
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This tiered experimental design was successfully applied for the identification and 
quantitation of the target benzimidazoles in spiked surface water, manure, soil and manured 
soil samples. As revealed by those fortification experiments for liquid manure samples 
method detection and quantitation limits ranged from 0.5 to 1 and from 1.6 to 3.1 µg/kg fresh 
manure. The obtained recovery ranged from 78 to 116 % , 76 to 106 % and 94 to 118 % with 
relative standard deviations of ≤ 19 % for the samples directly extracted using ethyl acetate 
at pH 9.5, lyophilization followed by methanol or ultrasound-assisted extraction of lyophilized 
samples using methanol/ethyl acetate mixture (1:4, v/v), respectively. Only the recovery of 
fenbendazole, i.e., 67 % with RSD = 4 % at 50 µg/kg spiking level, was marginally below the 
acceptable recovery range.  
For soil and manured soil samples, method detection limits ranged from 0.3 to 1.2 µg/kg and 
from 0.7 to 2.5 µg/kg, while method quantitation limits ranged from 0.8 to 3.7 µg/kg and from 
2.4 to 7.9 µg/kg, respectively. The overall recovery rates ranged from 70 to 119 % and 
relative standard deviations were less than 21 %. Only at 4 µg/kg, recovery rates were 56 
and 120 % for fenbendazole and one flubendazole metabolite. A comparison of direct solvent 
extraction and ultrasound-assisted extraction techniques revealed that both methods are 
suitable to reach the acceptaple recovery range of > 70 %.  
The obtained results have already confirmed the high precision and accuracy of the 
developed analytical method at low µg/kg concentrations of the target benzimidazoles. In 
addition to these fortification tests, carried out under best-case conditions, anaerobic 
biotransformation tests were conducted to study the aging effect on the extractability of the 
spiked target compounds from liquid manure samples after a 30-day incubation period.  At 
20 ºC, only 2-4 % of the sulfoxide metabolite of fenbendazole were recovered while the 
fenbendazole concentration increased up to 250 % of the initially applied amount indicating 
the regeneration of the parent compound from its primary metabolite. Similarities were also 
found for 2 flubendazole metabolites. The recovery rates of the other compounds were  86 
%.Furthermore, the obtained results at 4 ºC indicated that the extraction efficiency of the 
target benzimidazoles from manure samples was not affected by aging processes.  
From different pig fattening farms in the catchment area of the Chamber of Agriculture, 
Oldenburg, Germany, real pig manure samples were taken and analyzed in order to check 
the applicability of the developed method. Flubendazole was administered as a food additive 
at 5 mg/kg pig body weight for 5 consecutive days. Flubendazole occurred at concentrations 
of 0.1 and 1.3 mg/kg fresh manure accompanied by the metabolites at lower concentrations 
from 0.006 to 0.09 mg/kg fresh manure.  
External, internal and standard addition calibrations were applied to calculate the 
concentrations in two real samples extracted by ultrasound-assisted extraction with 
methanol/ethyl acetate mixture (1:4, v/v, pH 9.5). The deviations between the obtained 
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results by the single point standard addition and the external calibration indicated that the 
signals of the detected compounds were suppressed due to matrix effects. When the internal 
standard was added, an increase of concentrations up to 20 % was observed but still less 
than those obtained by the single point standard addition method, reflecting incomplete 
compensation of the matrix effects. In general, these results indicated that the standard 
addition techniques were the most suitable methods to perform correct quantitative analysis.  
The positive results were confirmed in accordance with the European Commission Decision 
2002/657/EC for confirmation and identification of organic pollutants. Five identification 
points (IP) for every compound were achieved: Precursor ion (1 IP) and two mass transitions 
(3 IP) with retention time (1 IP). For more qualified confirmation, these indentification points 
were additionally combined with the comparison of the entity of detected ions of each analyte 
in the real samples with those produced by standard solution under the same conditions. For 
this purpose, the information dependent acquisition was performed  using multiple reaction 
monitoring for two mass transitions as full scan mode while enhanced product ion scan was 
used as dependent scan. Because 5 identification points were obtained and the ion ratio 
deviations were lower than 20 %, safely confirmations of positive finding were successfully 
achieved meeting the current requirements of analytical quality assurance.  
This new analytical method facilitates the determination of fenbendazole and flubendazole 
with corresponding metabolites in liquid manures and manured soils. Hence, screening and 
monitoring studies at animal husbandry farms can be performed now in order to check for the 
relevance of the manure application as an possible entry route of benzimidazole 
anthelmintics into agricultural soils. Furthermore, laboratory tests on anaerobic 
biotransformation in liquid manures and aerobic biotransformation in manured soils can be 
advanced now by taking the corresponding metabolites into special account. Finally, the 
applied experimental design can be used for further method development for the 
determination of other veterinary medicines in liquid manures and manured soils. In any 
case, this new analytical method can contribute to improve studies on the prospective 
evaluation of veterinary medicines within the regulatory procedures required by the 
authorities. 
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Figure A1: Mass spectra of fenbendazole sulfoxide and fenbendazole sulfone recorded in 
full scan mode showing A: the precursor ion with the corresponding sodium adduct in 
methanol, B: sodium adduct was avoided by adding formic acid in methanol using 
electrospray source in positive ionization mode. 
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Figure A1: Continued. 
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Figure A2: Mass spectra of fenbendazole sulfone and flubendazole metabolites (FLU-
M2, FLU-M3, FLU-M4, FLU-M5 and FLU-M6) A: Q1 (MS) showing the precursor ions, B: 
product ion (MS/MS) showing the different fragments of the target compounds in positive 
electrospray ionization mode (ESI+). 
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Figure A2: Continued. 
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Figure A2: Continued. 
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Figure A2: Continued. 
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Figure A2: Continued. 
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Figure A2: Continued. 
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Figure A3: Product ion spectra of target compounds in negative ionization mode using         
electrospray ionisation source (ESI-). 
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Figure A3: Continued. 
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Figure A3: Continued.  
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Figure A3: Continued.  
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Figure A3: Continued. 
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Figure A4: A: total ion current chromatogram of the target compounds (200 pg/µL in 
methanol), B: extracted ion chromatogram and C: enhanced product ion spectrum obtained 
using information dependent acquisition method (IDA). 
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Figure A4: Continued. 
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Figure A4: Continued. 
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    Table A1:  Recovery rates of fenbendazole, flubendazole with corresponding metabolites spiked into liquid manure samples and directly 
extracted using ethyl acetate at different pH and cleaned-up using size exclusion chromatography in the preliminary work. 
 
 
Target 
compounds 
 
 
pH 6.8 ± 0.1 
 
pH 4.4 ± 0.1 
 
pH 9.5 ± 0.1 
  
[4µg/kg] 
( n = 7) 
 
[50µg/kg] 
( n = 3) 
 
[100 µg/kg] 
( n = 4) 
 
 
[500 µg/kg] 
( n = 3) 
 
 
[100µg/kg] 
( n =4) 
 
 
[2µg/kg] 
( n = 7) 
 
[20µg/kg] 
( n = 12) 
 
 
[200µg/kg] 
( n = 10) 
 
FEN 89 ± 7 89 ±  6 90 ± 4 92 ± 16 88  3 86 ± 19  96 ± 6 80 ±10 
FEN-SO 88 ± 9 95 ± 6 98 ± 2 98 ±  6 87  5  94 ±  11 101± 8 89 ±  8 
FEN-OSO 97 ± 8 97 ± 5    100 ± 2 100 ± 5 86  3 90 ± 11 100 ± 8 92 ± 8 
FLU 87 ± 7 95 ± 6  96 ± 2 101 ± 6 86  3 92 ± 17   98 ± 7 97 ± 7 
FLU-M1 87 ±  8 95 ± 6  97 ± 6 83  ± 9 85  4 96 ± 13   94 ± 6 90 ± 7 
FLU-M2 75 ± 16 82 ± 8  84 ± 3 95 ±  6 69  5 98 ± 14   95 ± 8   93 ± 12 
FLU-M3  74 ± 18 66 ± 6    55 ± 12 63 ± 13   25  10 83 ± 12  92 ± 9 86 ± 7 
FLU-M4  79 ± 18   72 ± 11 71 ± 8 78 ± 10 54  4 93 ± 17  94 ± 7 90 ± 7 
FLU-M5 83 ± 9 94 ± 6 95 ± 6 101 ±  4 85  4 99 ± 12  98 ± 7 91 ± 6 
FLU-M6 88 ±  5 97 ± 9 94 ± 1 99 ± 5 83  4     93 ± 6  98 ± 8 91 ± 6 
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     Table A2: Confirmed results in PM2 according confirmation criteria in EU Commission Decision 2002/657 (EC, 2002). 
 
 
Target 
compounds 
 
MRM transitions 
(amu) 
(4 IP) 
 
MRM ion ratios in 
standard solution 
( n=5 )* 
 
 
Permitted 
tolerance [%] 
 
 
MRM ion ratios in 
real sample  
(n=2)* 
 
Deviation 
[%] 
 
 
 
Result 
FLU 
314.20 - 282.20 
   314.20 - 95.10 
0.23 ± 25 0.23 0  Confirmed 
FLU-M1 
316.20 - 284.20 
  316.20 - 97.20 
0.21 ± 25  MQL 
 
 
 MQL 
FLU-M2 
   256.00 - 95.00 
256.00 - 123.10 
0.14 ± 30 0.15 7  Confirmed 
FLU-M3 
258.10 -134.10 
258.10 - 240.30 
0.27 ± 25  MQL 
 
 
 MQL 
      *RSD   2 % 
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    Table A3: Confirmed results in PM3 according confirmation criteria in EU Commission Decision 2002/657 (EC, 2002). 
 
 
Target 
compounds 
 
MRM transitions 
(amu) 
(4 IP) 
 
MRM ion ratios in 
standard solution 
( n=5 )* 
 
 
Permitted tolerance 
[%] 
 
 
MRM ion ratios in 
real sample  
(n=3)* 
 
Deviation 
[%] 
 
 
 
Result 
 
FLU 
 
  314.20 - 282.20 
314.20 - 95.10 
0.23 ± 25 0.23 0  
 
Confirmed 
 
FLU-M1 
 
 316.20 - 284.20 
316.20 - 97.20 
0.20 ± 25 0.18 10  
 
Confirmed 
 
FLU-M2 
 
256.00 - 95.00 
  256.00 - 123.10 
0.17 ± 30 0.16 6  
 
Confirmed 
 
FLU-M3 
 
 258.10 - 134.10 
 258.10 - 240.30 
0.31 ± 25 0.29 7  
 
Confirmed 
       *RSD  5 % 
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     Table A4: Confirmed results in PM4 according confirmation criteria in EU Commission Decision 2002/657 (EC, 2002). 
 
 
Target 
compounds 
 
MRM transitions 
(amu) 
(4 IP) 
 
MRM ion ratios in 
standard solution 
( n=5 )* 
 
 
Permitted tolerance 
[%] 
 
 
MRM ion ratios in 
real sample  
(n=3)* 
 
Deviation 
[%] 
 
 
 
Result 
 
FLU 
 
  314.20 - 282.20 
314.20 - 95.10 
0.23 ± 25 0.27 15  
 
Confirmed 
 
FLU-M1 
 
  316.20 - 284.20 
316.20 - 97.20 
0.18 ± 25 0.19 6  
 
Confirmed 
 
FLU-M2 
 
256.00 - 95.00 
 256.00 - 123.10 
0.14 ± 30 0.15 7  
 
Confirmed 
 
FLU-M3 
 
 258.10 - 134.10 
 258.10 - 240.30 
0.27 ± 25 0.29 7  
 
Confirmed 
      *RSD  5 % 
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          Table A5: Confirmed results in PM5 according confirmation criteria in EU Commission Decision 2002/657 (EC, 2002). 
 
 
Target 
compounds 
 
MRM transitions 
(amu) 
(4 IP) 
 
MRM ion ratios in 
standard solution 
( n=5)* 
 
 
Permitted 
tolerance [%] 
 
 
MRM ion ratios 
in 
real sample  
(n=2)* 
 
Deviation 
[%] 
 
 
 
Result 
 
FLU 
 
  314.20 - 282.20 
314.20 - 95.10 
0.23 ± 25 0.22 4  
 
Confirmed 
 
FLU-M1 
 
  316.20 - 284.20 
316.20 - 97.20 
0.20 ± 25 0.17 15  
 
Confirmed 
 
FLU-M2 
 
256.00 - 95.00 
 256.00 -123.10 
0.17 ± 30 0.15 12  
 
Confirmed 
 
FLU-M3 
 
 258.10 - 134.10 
 258.10 - 240.30 
0.31 ± 25 0.29 0  
 
Confirmed 
          *RSD   3 % 
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      Table A6: Confirmed results in PM6 according confirmation criteria in EU Commission Decision 2002/657 (EC, 2002). 
 
 
 
Target 
compounds 
 
MRM transitions 
(amu) 
(4 IP) 
 
MRM ion ratios in 
standard solution 
( n=5 )* 
 
 
Permitted 
tolerance [%] 
 
 
MRM ion ratios 
in 
real sample  
(n=2)* 
 
Deviation 
[%] 
 
 
 
Result 
 
FLU 
 
314.20 -282.20 
314.20 - 95.10 
0.21 ± 25 0.22 5  
 
Confirmed 
 
FLU-M1 
 
 316.20 -284.20 
316.20 - 97.20 
0.18 ± 25 0.17 6  
 
Confirmed 
 
FLU-M2 
 
256.00 - 95.00 
 256.00 -123.10 
0.13 ± 30 0.1 3 0  
 
Confirmed 
 
FLU-M3 
 
 258.10 -134.10 
  258.10 - 240.30 
0.28 ± 25 0.29 4  
 
Confirmed 
        *RSD  9 % 
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    Table A7: Confirmed results in PM7 according confirmation criteria in EU Commission Decision 2002/657 (EC, 2002). 
 
 
 
Target 
compounds 
 
MRM transitions 
(amu) 
(4 IP) 
 
MRM ion ratios in 
standard solution 
( n=5 )* 
 
 
Permitted tolerance 
[%] 
 
 
MRM ion ratios in 
real sample  
(n=3)* 
 
Deviation 
[%] 
 
 
 
Result 
 
FLU 
 
  314.20 - 282.20 
314.20 - 95.10 
0.18 ± 25  0.18 0  Confirmed 
 
FLU-M1 
 
  316.20 - 284.20 
316.20 - 97.20 
0.20 ± 25  0.19 5  Confirmed 
 
FLU-M2 
 
256.00 - 95.00 
 256.00 -123.10 
0.12 ± 30  0.12 0  Confirmed 
 
FLU-M3 
 
258.10 -134.10 
 258.10 - 240.30 
0.26 ± 25   MQL 
 
 
 MQL 
       *RSD  10 % 
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